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Introduction 


Statement  of  Work  (SOW) 

We  proposed  three  specific  aims,  all  to  be  carried  out  within  one  year  of  funding 

Aim  1.  Perform  CYP  induction  assays  in  human  hepatocytes  from  3  donors  for  CYP3A4  and  1A2  at  two  doses  plus  appropriate 
positive  controls. 

Aim  2.  Perform  a  pilot  non-GLP  acute  toxicity  (single  dose)  for  VBP-15  in  mice. 

Aim  3.  Perform  a  GLP  28-day  repeated-dose  range-finding  study  for  VBP15  in  mice. 


Final  Report 

Key  Research  Accomplishments 

Our  initial  rationale  of  developing  the  delta  9,1 1  steroids  was  to  dissociate  efficacy  from  side  effects,  where  retention  of  NF-kB 
inhibitory  activity  was  associated  with  efficacy,  and  GRE-mediated  transcriptional  response  was  associated  with  side-effects. 
Ostensibly,  the  goal  was  to  make  a  new  glucocorticoid  without  side  effects.  Previously,  we  showed  data  identifying  a  lead  compound 
(VBP15)  for  the  treatment  of  DMD.  We  previously  showed  data  from  studies  that  further  characterize  the  absorption,  metabolism, 
genotoxicity  and  pharmacokinetics  of  VBP15.  In  this  funded  project,  we  proposed  to  further  characterize  VBP15  on  CYP  induction 
and  perform  IND-enabling  toxicology  studies. 


Aim  1.  Perform  CYP  induction  assays  in  human  hepatocytes  from  3  donors  for  CYP3A4  and  1A2  at  two  doses  plus 
appropriate  positive  controls. 

Cryopreserved  human  liver  microsomes  from  3  donors  (separate  incubations)  were  obtained  commercially  from  CellzDirect 
(Invitrogen).  Hepatocytes  were  cultured  on  a  collagen  substratum  for  three  days  prior  to  study  initiation  according  to  manufacturer’s 
instructions.  Hepatocytes  cultures  were  treated  daily  with  fresh  media  containing  1-,  10-,  and  100  jliM  VBP15,  vehicle  (negative 
control)  or  appropriate  positive  control  (rifampin  for  CYP3A4  and  omeprazole  for  CYP1 A2).  24-hours  after  the  final  treatment, 
CYP3A4  and  CYP1A2  activity  was  determined  using  the  FDA  recommended  probe  substrates  testosterone  and  phenacetin 
respectively.  Assay  analysis  was  conducted  via  LC/MS/MS.  The  percentage  inductions  relative  to  positive  control  were  calculated.  A 
greater  than  40%  of  positive  control  in  any  one  of  the  three  donors  for  a  CYP  is  considered  a  potential  inducer  of  that  CYP.  There 
was  no  induction  of  CYP1A2  by  VBP15  seen  across  the  three  donors.  VBP15  is  not  considered  an  inducer  of  CYP1A2.  VBP15 
moderately  induced  CYP3A4  across  the  three  donors  (24%-42%).  This  indicates  that  VBP15  is  a  potential  inducer  of  CYP3A4. 


Aim  2.  Perform  a  pilot  non-GLP  acute  toxicity  (single  dose)  and  7  day  repeated  dose  range  finding  study  for  VBP15  in  mice. 

Study  Objective 

This  study  was  conducted  for  ReveraGen  BioPharma,  Inc.,  to  establish  the  safety  margin,  evaluate  and 
characterize  the  acute  toxicity,  estimate  the  maximum  tolerated  dose  (MTD),  and  evaluate  the  toxicokinetics  of 
the  test  article,  VBP15,  in  mice.  The  study  consisted  of  two  phases,  Phase  A  and  Phase  B.  The  doses  were 
selected  to  enable  evaluation  of  toxicity  at  an  exposure  comparable  or  higher  than  the  target  exposure  for 
efficacy. 

Study  Design 

During  Phase  A,  four  treatment  groups  of  three  male  and  three  female  Crl:CDl®(ICR)  mice  were  administered 
the  test  article  at  respective  dose  levels  of  50,  125,  250,  and  500  mg/kg.  The  test  article  was  administered  to  all 
groups  via  a  single  oral  gavage  dose  at  a  volume  of  10  mL/kg. 

During  Phase  B,  three  treatment  groups  of  16  male  and  16  female  Crl:CDl®(ICR)  mice  were  administered  the 
test  article  at  respective  dose  levels  of  10,  30,  and  100  mg/kg/day.  One  additional  group  of  16  animals/sex 
served  as  the  control  and  received  the  vehicle,  Labrafil  M  1944  CS.  The  vehicle  or  test  article  was  administered 
to  all  groups  via  oral  gavage  for  seven  consecutive  days  at  a  dose  volume  of  10  mL/kg.  Following  seven  days 
of  administration,  six  animals/sex/group  were  maintained  for  a  seven-day  recovery  period.  Additionally,  during 
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Phase  B,  three  groups  of  36  animals/sex/group  served  as  toxicokinetic  (TK)  animals  and  received  the  test  article 
in  the  same  manner  and  at  the  same  dose  levels  as  the  main  study  groups. 

Observations  for  morbidity,  mortality,  injury,  and  the  availability  of  food  and  water  were  conducted  twice  daily 
for  all  animals  for  Phases  A  and  B.  Observations  for  clinical  signs  were  conducted  daily  for  all  Phase  A 
animals  and  all  Phase  B  main  study  animals.  Body  weights  were  measured  and  recorded  daily  for  all  animals 
for  Phases  A  and  B.  Food  consumption  was  measured  and  recorded  daily  for  Phases  A  and  B. 

At  the  termination  of  Phase  A  (Day  5),  all  animals  were  euthanized  and  discarded  without  further  evaluations. 

During  Phase  B,  blood  and  urine  samples  for  clinical  pathology  evaluations  were  collected  from  designated 
main  study  animals  prior  to  the  terminal  and  recovery  necropsies.  During  Phase  B,  blood  samples  for  the 
determination  of  plasma  concentrations  of  the  test  article  were  collected  from  TK  animals  at  designated  time 
points  on  Days  1  and  7.  After  blood  collection,  the  TK  animals  were  euthanized  and  the  carcasses  were 
discarded.  At  the  end  of  the  terminal  and  recovery  periods  of  Phase  B,  necropsy  examinations  were  performed, 
organ  weights  were  recorded,  and  tissues  were  microscopically  examined. 

Reportable  Outcomes 

During  Phase  B,  no  significant  effects  on: 
clinical  observations 
body  weight 
hematology 
clinical  chemistry 
urinalysis 

macroscopic  observations 

Food  consumption:  During  Phase  B,  there  was  a  slight  test-article  decrease  in  food  consumption  in  males  but 
was  not  dose  dependent  (-14  to  -20%).  In  females,  there  was  an  increase  in  consumption  at  the  highest  dose 
(17%).  The  relationship  between  treatment  and  food  consumption  is  unclear  due  to  lack  of  dose-response  in 
both  sexes. 

Organ  Weight :  At  the  Phase  B  terminal  necropsy,  possible  test  article-related  differences  in  liver,  spleen,  and 
thymus  weights  were  observed  in  treated  males  and  females.  All  liver  weight  parameters  were  higher  in  males 
at  50  and  100  mg/kg/day  and  in  females  at  100  mg/kg/day,  all  statistically  significant.  Spleen  weights  were 
statistically  significantly  lower  in  males  at  100  mg/kg/day  and  in  females  in  a  dose  response  pattern  at  all 
exposure  levels.  Thymus  weights  were  lower  in  a  dose  response  pattern  for  all  treated  male  and  female  groups 
(statistically  significant  at  30  and  100  mg/kg/day  for  males  and  females).  Organ  weights  were  not  statistically 
different  after  7  day  recovery  period. 


4 


Table  1.  Organ  Weights 


Terminal  Organ 

Weights 

0  mpk/day 

10  mpk/day 

30  mpk/day 

100  mpk/day 

Organ 

Gender 

Mean  (g) 

SD 

Mean  (g) 

SD 

Mean  (g) 

SD 

Mean  (g) 

SD 

Liver 

M 

1.371 

0.251 

1.413 

0.251 

1.647 

0.244 

1.997b 

0.337 

3.06% 

20.13% 

45.66% 

Spleen 

M 

0.073 

0.016 

0.070 

0.017 

0.069 

0.011 

0.054b 

0.009 

-4.11% 

-5.48% 

-26.03% 

Thymus 

M 

0.050 

0.020 

0.044 

0.015 

0.029b 

0.008 

0.023 

0.008 

-12.00% 

-42.00% 

-54.00% 

-  Increase  in  leukocytes  at  30  mpk/day 

-  Increase  in  neutrophils  at  30  and  100  mpk/day 

|  -  No  change 

in  lymphocytes 

Terminal  Organ 

Weights 

0  mpk/day 

10  mpk/day 

30  mpk/day 

100  mpk/day 

Organ 

Gender 

Mean  (g) 

SD 

Mean  (g) 

SD 

Mean  (g) 

SD 

Mean  (g) 

SD 

Liver 

F 

1.142 

0.235 

1.117 

0.213 

1.168 

0.169 

1.455b 

0.191 

-2.19% 

2.28% 

27.41% 

Spleen 

F 

0.105 

0.037 

0.077a 

0.016 

0.070b 

0.014 

0.063b 

-26.67% 

-33.33% 

-40.00% 

Thymus 

F 

0.069 

0.018 

0.059 

0.019 

0.032b 

0.012 

0.022b 

0.005 

-14.49% 

-53.62% 

-68.12% 

-  No  change 

in  leukocytes,  neutrophils  or  lymphocytes 

Toxicokinetic  Summary 

Evidence  of  systemic  exposure  to  VBP15  was  observed  in  VBP 15 -treated  mice  following  both  single  and  repeat  daily  PO 
administration  of  VBP  15.  Over  the  dose  range  evaluated,  mean  Tmax  values  were  dose-independent  and  observed  at  the  first  post-dose 
collection  time  point  of  1.00  hour  for  females  and  males  following  PO  administration  of  VBP  15  on  Study  Days  1  and  7.  VBP  15 
exposure  increased  with  increasing  dose  on  Study  Days  1  and  7.  The  observed  increases  in  AUCiastover  the  full  dose  range  (10  -  100 
mg/kg/day)  were  greater  than  proportional  to  dose  (i.e.,  >25%  of  the  fold  increase  in  dose)  on  Study  Days  1  and  7.  Despite  occasional 
differences,  review  of  VBP  15  plasma  concentrations  and  resulting  TK  parameters  revealed  no  clear  or  consistent  evidence  of  a  gender 
difference.  Repeat,  PO  dosing  of  VBP  15  over  the  study  duration  was  associated  with  decreases  in  mean  plasma  VBP  15  AUCiast 
values  (ranging  from  1.92  to  2.81 -fold  reduced)  for  female  and  male  mice  on  Study  Day  7  compared  to  Study  Day  1  values,  with  the 
exception  of  female  mice  at  the  10  mg/kg/day  dose  level  (1.70-fold  increase).  The  actual  cause  for  the  reduction  on  the  Day  7 
exposure  is  unknown,  while  some  possible  explanations  include  metabolic  induction  or  oral  absorption  reduction.  Additional 
investigations  may  be  needed  in  order  to  fully  understand  the  underlying  mechanism(s)  for  such  phenomenon. 

Histopath  Analysis 

•  Spleen:  No  microscopic  correlates  identified. 

•  Liver:  The  liver  had  minimal  to  mild  panlobular  hepatocyte  hypertrophy  in  males  and  females  at  100 
mg/kg/day  and  minimal  individual  hepatocyte  necrosis  in  two  (2  of  10)  males  at  100  mg/kg/day.  Due  to 
the  presence  of  concurrent  individual  hepatocyte  necrosis,  this  dose  was  considered  to  be  adverse  in 
males.  The  liver  also  had  minimal  to  moderate  centrilobular  vacuolation  or  minimal  periportal 
vacuolation  in  males  at  30  and  100  mg/kg/day  and  females  at  100  mg/kg/day.  Centrilobular  vacuolation 
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predominantly  involved  centrilobular  to  midzonal  hepatocytes  and  was  characterized  by  clearing  of  the 
perinuclear  cytoplasm  with  irregularly-shaped  vacuoles  that  had  poorly  defined  margins.  Centrilobular 
vacuoles  demonstrated  some  positive  staining  for  Periodic  acid-Schiff  (PAS),  negative  staining  with 
PAS  and  diastase,  and  some  positive  staining  with  Oil  red  O  which  suggested  that  glycogen  and  lipid 
likely  contributed  to  the  vacuolated  appearance;  however,  it  was  not  clear  whether  glycogen  and  lipid 
were  solely  responsible  for  the  centrilobular  vacuolation.  Periportal  vacuolation  predominantly  involved 
periportal  to  midzonal  hepatocytes  and  was  characterized  by  one  or  more,  small,  round,  clear,  distinct 
vacuoles  within  the  cytoplasm.  Periportal  vacuoles  stained  positively  for  Oil  red  O  and  negatively  for 
PAS  with  and  without  diastase  indicating  that  periportal  vacuolation  was  due  to  the  presence  of  lipid. 
Minimal  focal  necrosis  was  present  at  a  similar  incidence  in  control  and  treated  animals  at  100 
mg/kg/day;  therefore  this  finding  was  not  considered  to  be  test  article  related. 

•  Thymus:  The  thymus  had  non-adverse  minimal  to  mild  generalized  lymphoid  depletion  in  males  and 
females  at  100  mg/kg/day.  Minimal  generalized  lymphoid  depletion  was  present  in  males  at  all  dose 
levels  including  controls  and  in  one  female  (1  of  10)  at  30  mg/kg/day.  At  30  mg/kg/day,  thymic  weights 
were  statistically  lower  in  males  and  females  and  the  incidence  of  generalized  lymphoid  depletion  was 
slightly  increased  in  males  and  females;  however,  it  was  unclear  whether  this  slight  increase  in  incidence 
was  test  article -related  at  this  dose. 


Aim  3.  Perform  a  non-GLP  28-day  repeated-dose  range-finding  study  for  VBP15  in  mice. 

Mouse  28-day  Repeat  Dose  Study.  1998-003.  MPI 
Study  Objective 

The  objective  of  this  study  was  to  evaluate  the  potential  subchronic  toxicity  of  the  VBP15  in  mice  following 
4  weeks  of  oral  administration  and  to  evaluate  reversibility,  progression,  or  delayed  appearance  of  any  changes 
following  a  2-week  post-dose  observation  period. 

Table  2:  Study  Design 


Species/Strain 

Method  of 
Administration 
(Vehicle/  Formulation) 

Duration  of 
Dosing 

Dose  Level 
(mg/kg/day) 

Number/ 

Sex/Group 

NOAEL 

(mpk/day) 

Mouse/ Crl:  CD  1  ®(ICR) 

Oral  Gavage/ 

Labrafil  M  1944  CS 
(Gattefosse  Labrafil) 

Once  daily  for 
28  days 
followed  by  a 
14-day 
recovery 
period 

0,  10,  30,  100 

Main  Study:  10M,  10F 
Recovery:  5M,  5F 
Toxicokinetics:  9M,  9F 
(0  mg/kg/day) 

39  M,  39F  (10,30,  100 
mg/kg/day) 

At  least  100 

Table  3.  Toxicokinetic  Parameters  (combines  sexes). 


Dose  Level  (mg/kg/day) 

1  0 

10[dose] 

30[dose] 

100[dose] 

Day  1 

cmax  (ng/mL) 

NA 

624 

3590 

12100 

Tmax  (hr) 

NA 

1.00 

1.00 

2.00 

AUCaii  (hr*ng/mL) 

NA 

2000 

15800 

105000 

Day  28 

Cmax  (ng/mL) 

NA 

548 

2930 

5840 

Tmax  (hr) 

NA 

2.00 

1.00 

1.00 

AUCaii  (hr*ng/mL) 

NA 

1560 

7200 

34400 

6 


Noteworthy  Findings 
All  Treated  Groups 

•  Reduced  body  weight  gain,  less  pronounced  in  males  than  females.  Resolved  during 
recovery  except  for  100  mpk  males. 

•  Increased  food  consumption  during  recovery. 

•  Reduced  lymphocytes  in  lymphoid  tissues  (mandibular  and  mesenteric  lymph  nodes,  and 
thymus).  Resolved  during  recovery. 

•  Increased  thymus  weights  at  recovery. 

•  Reduced  adrenal  gland  weights,  variable  between  groups  and  without  a  dose  response 
relationship. 

•  Degenerative  and  atrophic  changes  in  adrenal  cortex.  Resolved  during  recovery. 


Body  and  Organ  Weights 

Terminal 

Group  mean  terminal  body  weights  for  females  given  1 00  mpk  were  statistically  significantly  decreased  compared  to  animals  of  the 
control  group. 

Differences  in  group  mean  organ  weights  between  VBP15  (males  and/or  females)  and  the  respective  control  groups  were  present  in 
the  adrenal  glands,  kidneys,  liver,  ovaries,  pituitary,  spleen,  and/or  thymus.  Microscopic  findings  correlating  to  organ  weight 
differences  were  present  in  the  adrenal  glands,  livers,  spleen,  and  thymus  of  males  and  females.  All  other  organ  weight  differences 
were  considered  to  be  potentially  VBP15-related  but  not  adverse  as  there  were  no  adverse  microscopic  findings  indicative  of  injury. 

Group  mean  adrenal  gland  weights  were  variable  between  groups  and  generally  decreased  but  without  a  dose  response  relationship. 
Absolute  group  mean  adrenal  weight  for  females  given  100  mpk  were  statistically  significantly  decreased  and  females  given  10  or 
30  mpk  had  decreased  group  mean  adrenal  weights  although  the  decreases  were  not  dose  dependent.  Males  given  100  mpk  had 
comparable  group  mean  adrenal  weights  comparable  to  the  control  group  whereas  group  mean  adrenal  weights  for  males  given  10  or 
30  mpk  were  decreased.  Adrenal  gland  organ  weight  changes  were  considered  to  be  VBP15-related  and  correlated  microscopically 
with  degenerative  and  atrophic  changes  in  the  adrenal  cortex. 

Group  mean  liver  weights  (absolute,  relative  to  brain  weight,  and  relative  to  body  weight)  were  statistically  significantly  increased  in 
males  and  females  given  100  mpk.  Males  given  30  mpk  also  had  increased  liver  weights  but  only  liver  weight  relative  to  body  weight 
was  statistically  significantly  increased.  Microscopic  findings  in  the  liver  potentially  correlating  to  increased  weights  included 
centrilobular  hepatocellular  hypertrophy,  increased  hepatocellular  vacuolation,  and  hepatocellular  necrosis  (single  cell  and/or 
subcapsular). 

Group  mean  spleen  weights  (absolute,  relative  to  brain  weight,  and  relative  to  body  weight)  were  statistically  significantly  decreased 
in  males  and  females  given  30  or  100  mpk  and  group  mean  spleen  weights  were  decreased  (not  statistically  significantly  decreased) 
for  males  and  females  given  10  mpk.  Generalized  atrophy  of  the  spleen  correlated  with  the  decreased  weights. 

Group  mean  thymus  weights  (absolute,  relative  to  brain  weight,  and  relative  to  body  weight)  were  statistically  significantly  decreased 
in  males  and  females  given  100  mpk  and  in  females  given  30  mkp.  Group  mean  thymus  weights  were  decreased  (not  statistically 
significantly  decreased)  for  males  given  10  or  30  mpk.  Decreased  thymus  weights  correlated  with  decreased  lymphocytes. 

Group  mean  absolute  kidney  weights  were  minimally  decreased  in  females  given  30  or  100  mpk.  There  were  no  microscopic 
observations  that  correlated  to  the  decreased  kidney  weights  in  females  and  at  least  a  portion  of  the  decreased  absolute  weight  was 
likely  associated  with  decreased  body  weight. 

Group  mean  pituitary  weights  (absolute,  relative  to  brain  weight,  and  relative  to  body  weight)  were  decreased  in  males  given  30  or 
100  mpk.  There  were  no  microscopic  observations  that  correlated  to  the  decreased  pituitary  weights. 

Dose-related  decreased  group  mean  ovary  weights  (absolute,  relative  to  brain  weight,  and  relative  to  body  weight)  were  present  in 
females  given  the  VBP15.  The  significance  of  this  organ  weight  change  is  uncertain  as  there  were  no  microscopic  findings  that 
correlated  to  the  decreased  ovarian  weights  and  there  were  no  apparent  effects  on  the  estrous  cycle  based  on  staging  of  the  uterus  and 
vagina  in  females  given  100  mpk. 
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Table  4.  VBP15-related  organ  weight  changes-  Terminal.  Percent  change  to  control. 


Dose  level:  mg/kg/day 

10 

30 

100 

Sex 

M 

F 

M 

F 

M 

F 

Number  Examined 

10 

10 

10 

10 

10 

10 

Body  weight  (g) 

1 

1.25 

i 

4.96 

i 

5.61 

i 

6.11 

i  5.30 

i 

9.54a 

Adrenal  glands  (g) 

1 

11.11 

i 

18.18 

i 

55.56 

i 

9.09 

0.00 

i 

36.36a 

Adrenal  gland/BWt  (%) 

1 

7.02 

i 

14.58 

i 

49.82 

i 

8.56 

f0. 35 

i 

36.34 

Kidneys  (g) 

- 

- 

- 

i 

10.33 

- 

i 

11.43a 

Kidneys/BWt  (%) 

- 

- 

- 

i 

4.66 

- 

i 

2.17 

Liver  (g) 

- 

- 

t 

11.03 

- 

t  45.94b 

t 

22.87a 

Liver/BWt  (%) 

- 

- 

t 

1 8 . 1 0b 

- 

t  55.29b 

t 

36.39b 

Ovaries  (g) 

- 

1 

15.79 

- 

i 

21.05a 

- 

i 

31.58b 

Ovaries/BWt  (%) 

- 

1 

11.96 

- 

i 

19.22 

- 

i 

25.54a 

Pituitary  (g) 

- 

- 

i 

12.09 

- 

i  1 6. 1 3a 

- 

Pituitary/BWt  (%) 

- 

- 

i 

7.22 

- 

i  12.37 

- 

Spleen  (g) 

1 

14.43 

1 

12.84 

i 

41.24b 

i 

29.36b 

i  48.45b 

i 

45.87b 

Spleen/BWt  (%) 

1 

13.78 

1 

8.28 

i 

37.28b 

i 

23.94b 

i  45.14b 

i 

40.84b 

Thymus  (g) 

1 

28.26 

- 

i 

32.61 

i 

30.43b 

i  56.52b 

i 

67.39b 

Thymus/BWt  (%) 

1 

28.53 

- 

i 

28.11 

i 

24.91a 

i  55.38b 

i 

63.45b 

aSignificantly  different  from  control;  (p<0.05) 
bSignificantly  different  from  control;  (p<0.01) 
BWt  -  Body  Weight 

t  -  Increased 
l  -  Decreased 

M  -  Male 

F  -  Female 

Recovery 

There  were  no  statistically  significant  differences  in  group  mean  terminal  body  weights. 

Group  mean  thymus  weights  were  increased  for  all  VBP 15 -treated  groups  after  the  recovery  period.  Group  mean  thymus  weights 
(absolute,  relative  to  body  weights,  and  relative  to  brain  weight)  were  statistically  significantly  increased  for  females  of  all  VBP  15- 
treated  groups  and  for  males  given  30  mpk  or  100  mpk.  The  increased  thymus  weights  in  males  given  30  mpk  or  100  mpk  correlated 
with  generalized  increased  lymphocytes.  The  increased  thymus  weights  likely  represent  a  compensatory  increase  in  lymphocytes  in 
response  to  VBP  15 -related  decreased  lymphocytes  present  at  the  terminal  necropsy. 

Females  given  100  mpk  had  decreased  (statistically  significantly  decreased  for  absolute  and  relative  to  brain  weight)  group  mean  right 
submandibular/sublingual  salivary  gland  weights.  The  potential  relationship  to  previous  exposure  to  the  VBP  15  is  unknown  but  the 
decreased  weights  were  not  considered  adverse  as  there  were  no  microscopic  observations  associated  with  the  decreased  weights. 

Table  5.  VBP15-related  Organ  Weight  Changes-  Recovery.  Percent  change  relative  to  control 


Dose  level:  mg/kg/day 

10 

30 

100 

Sex 

M 

F 

M 

F 

M 

F 

Number  Examined 

10 

10 

10 

10 

10 

10 

Body  weight  (g) 

i  2.69 

1  3.31 

i  0.30 

1  2.21 

i  5.39 

1  4.04 

Sal.gl,  man./sub.,  rt  (g) 

- 

- 

- 

- 

- 

1  23.08a 

Sal.gl,  man./sub.,  rt  /BWt  (%) 

- 

- 

- 

- 

- 

1  19.92 

Thymus  (g) 

t  50.00a 

117.31 

f83.33b 

148.08 

f72.22b 

f  53.85a 

Thymus/BWt  (%) 

t  53.09a 

121.21 

f  81.11b 

149.95 

f81.66b 

1 58.73a 

aSignificantly  different  from  control;  (p<0.05) 
bSignificantly  different  from  control;  (p<0.01) 
BWt  -  Body  Weight 

t  -  Increased 
l  -  Decreased 

M  -  Male 

F  -  Female 
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Clinical  Chemistry 

At  termination,  both  sexes  receiving  100  mpk  had  mild  increases  in  aspartate  aminotransferase  (AST)  (up  to 
2.0-fold)  and  alanine  aminotransferase  (ALT)  (up  to  3.5-fold),  relative  to  controls,  typical  of  hepatocellular 
effects.  These  changes  correlated  with  microscopic  changes  in  the  liver  (centrilobular  hypertrophy, 
hepatocellular  vacuolation  and  single-cell  and  subcapsular  necrosis)  were  considered  VBP15-related  but  not 
adverse  based  on  their  magnitude. 

Hematology 

At  termination,  both  sexes  receiving  >10  mpk  had  mild  reductions  in  lymphocytes  (up  to  49%),  relative  to 
controls.  These  changes  were  mostly  dose-dependent  and  correlated  with  microscopic  changes  in  the 
mandibular  and  mesenteric  lymph  nodes  and  thymus  (decreased  lymphocytes).  Decreases  in  lymphocytes  were 
considered  VBP15-related  but  not  adverse  based  on  their  magnitude. 

Toxicokinetics 

Dose  formulation  sample  analysis  revealed  that  in  general  the  dose  formulations  were  within  the  expected  variability  of  their  targeted 
concentrations,  had  minimal  to  no  stratification  and  were  stable  for  the  20  day  test  period  under  the  conditions  of  this  study.  It  was 
noted  that  the  top  and  middle  strata  samples  for  the  10  mg/mL  (100  mpk  dose  level)  were  outside  of  the  expected  25%  variability  and 
might  indicate  some  animals  in  this  dose  group  during  Week  1  may  have  received  slightly  higher  than  targeted  dose  levels.  However, 
this  is  not  felt  to  have  a  meaningful  impact  on  the  TK  analysis  and  interpretation  of  this  study. 

All  plasma  concentrations  of  VBP15  in  the  vehicle  control  group  samples  were  BLQ.  Evidence  of  systemic  plasma  exposure  to 
VBP15  was  observed  in  all  VBP15-treated  groups  following  both  single  and  repeat  PO  administration.  Despite  occasional 
differences,  no  clear  or  persistent  evidence  of  a  gender  difference  was  observed  in  VBP15  plasma  concentrations  or  resulting  TK 
parameter  values.  VBP15  absorption  (as  assessed  by  Tmax)  following  PO  administration  of  VBP15  at  10,  30,  and  100  mpk  appeared  to 
be  dose-independent  on  Day  1  and  Day  28  (Figure  1,  Figure  2). 


VBP-15  Mean  Plasma  Concentration  Versus  Time  -  Gender  Combined  Dose  Comparison 
Legend:  Group,  Dose  in  mg/kg/day 
Error  Bars  =  Std  Dev 
Day=1 


Figure  1.  VBP15  Mean  plasma  concentration  versus  time-  Day  28.  Combined  gender  dose  comparison. 
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VBP-15  Mean  Plasma  Concentration  Versus  Time  -  Gender  Combined  Dose  Comparison 
Legend:  Group,  Dose  in  mg/kg/day 
Error  Bars  =  Std  Dev 
Day=28 


Figure  2.  VBP15  mean  plasma  concentration  versus  time-  Day  1.  Combined  gender  dose  comparison. 


Exposure  as  assessed  by  Cmax  and  AUCan  increased  with  increasing  dose.  Over  the  full  dose  range  evaluated  (10  to  100  mpk)  the 
observed  increases  in  Cmaxwere  greater  than  proportional  to  dose  on  Day  1  and  reasonably  proportional  to  dose  on  Day  28.  The 
observed  increases  in  AUCan  were  greater  than  proportional  to  dose  on  Days  1  and  28.  Repeat,  daily  PO  administration  of  VBP15 
over  a  28-day  duration  was  associated  with  decreases  in  mean  VBP15  AUCan  values,  consistent  possible  enzyme  induction  under  the 
conditions  of  this  study.  These  data  suggests  CYP  induction  thus  inhibiting  its  own  metabolism  over  in  time. 


Table  6.  Group  Mean  VBP15  Pharmacokinetic  Summary  Data;  Sorted  by  Compound,  Route,  Day,  Group,  Dose, 
and  Gender 


Compound 

Route 

Day 

Group 

Dose 

(mg/kg) 

Gender 

Cmax 

(ng/mL) 

SE  CmaJ[ 
(ng/mL) 

Tmax 

(h) 

AUCan 

(h*ng/mL) 

SE  AUCall 
(h*ng/mL) 

AUCiNFobs 

(h*ng/mL) 

HLxz 

(h) 

Female 

379 

331 

2.00 

1110 

556 

1090 

0.796 

6 

10 

Male 

966 

78.8 

1.00 

2890 

397 

2670 

1.43 

F+M 

624 

176 

1.00 

2000 

373 

1880 

1.33 

Female 

3240 

619 

2.00 

10800 

2180 

10700 

0.725 

1 

7 

30 

Male 

4480 

727 

1.00 

20800 

1750 

20800 

1.93 

F+M 

3590 

787 

1.00 

15800 

1900 

15800 

1.85 

Female 

12800 

1500 

2.00 

115000 

3460 

115000 

1.50 

8 

100 

Male 

11400 

917 

2.00 

95200 

18900 

95200 

1.56 

VBP15 

PO 

F+M 

12100 

845 

2.00 

105000 

8980 

105000 

1.49 

Female 

577 

299 

1.00 

1380 

313 

1370 

0.628 

6 

10 

Male 

607 

102 

2.00 

1750 

349 

1740 

0.712 

F+M 

548 

59.0 

2.00 

1560 

232 

1560 

0.672 

Female 

3330 

964 

1.00 

7870 

1320 

7870 

2.14 

28 

7 

30 

Male 

2530 

218 

1.00 

6530 

426 

6460 

0.772 

F+M 

2930 

477 

1.00 

7200 

651 

7200 

1.65 

Female 

5220 

1200 

1.00 

39200 

6890 

NR 

NR 

8 

100 

Male 

6450 

919 

1.00 

29500 

6100 

29500 

1.84 

F+M 

5840 

728 

1.00 

34400 

4400 

34400 

1.54 
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Discussion 

The  data  from  this  study  show  that  VBP15  produces  many  of  the  same  effects  in  normal  (wild-type)  mice  that  are  known  to  be 
associated  with  exogenous  administration  of  synthetic  glucocorticoids,  but  it  requires  much  higher  doses  of  VBP15  to  cause  these 
effects.  These  effects  include  reduction  in  body  weight;  effects  on  organ  weights  in  the  liver,  thymus,  spleen  and  adrenal  glands; 
microscopic  lesions  on  the  liver,  spleen  and  adrenal  glands;  and  changes  in  circulating  lymphocytes,  AST  and  ALT  levels. 

Females  at  the  highest  dose  tested  significantly  decreased  body  weight  on  Day  28  which  reversed  itself  by  the  end  of  the  recovery 
phase  (Day  42).  It  is  well  known  that  chronic  administration  of  glucocorticoids  in  humans  is  associated  with  increased  body  weight 
due  to  increased  fat  disposition  and  appetite  stimulation.  However,  chronic  administration  of  glucocorticoids  in  mice  is  associated 
with  decreased  body  weight  (Sali  et  al.,  2012;  Mizunoya  et  al.,  201 1).  In  these  reports,  the  decrease  in  body  weight  occurs  at  much 
lower  doses  compared  to  VBP15  (i.e.  5  mpk  of  prednisone  compared  to  100  mpk  VBP15)  which  is  consistent  with  the  data  obtained  in 
the  mdx  mouse  model  presented  above. 

In  many  species,  including  humans,  exogenous  administration  of  glucocorticoids  is  known  to  exert  a  negative  feedback  effect  on  the 
hypothalamic-pituitary-thyroid  axis  resulting  in  adrenal  suppression  (Kaptein  et  al.,  1992;  Davies  &  Franklin,  1984).  Rodents  are  not  a 
good  species  to  study  the  effects  of  exogenous  glucocorticoids  on  adrenal  suppression  however,  the  effect  on  adrenal  weight  could  be 
used  as  an  indicator  for  potential  suppression.  In  this  study,  VBP15  generally  decreased  adrenal  weights  but  without  a  dose  response 
relationship.  Adrenal  gland  organ  weight  changes  were  considered  to  be  VBP15-related  and  correlated  microscopically  with 
degenerative  and  atrophic  changes  in  the  adrenal  cortex. 

Decreases  in  lymphocyte  counts  were  observed  with  VBP15.  These  changes  were  mostly  dose-dependent  and  correlated  with 
microscopic  changes  in  the  lymph  nodes  and  thymus.  These  changes  in  lymphocyte  counts  were  considered  VBP 1 5-related  but  not 
adverse  based  on  their  magnitude.  Glucocorticoids  are  known  to  decrease  peripheral  blood  lymphocyte  count.  This  is  an  anticipated 
response  based  on  the  pharmacology  of  both  VBP  15  and  prednisone  as  both  compounds  are  immune  modulators  via  NF-kB  inhibition. 

VBP  15  mildly  increased  serum  ALT  and  AST  levels.  The  microscopic  abnormalities  observed  in  the  liver,  including  centrilobular 
hepatocellular  hypertrophy,  increased  hepatocellular  vacuolation,  and  hepatocellular  necrosis  are  consistent  with  the  hepatic  lesions 
reported  by  other  investigators  in  beagles  treated  with  glucocorticoids  (Kuhlenschmidt  et  al.,  1991;  Nagashima  et  al.,  1992).  It  is  likely 
that  the  hepatocyte  hypertrophy  observed  in  due  at  least  in  part  to  hepatic  drug  metabolizing  enzymes.  It  has  been  reported  that 
increases  in  hepatic  microsomal  activity  after  administration  of  investigative  drugs  was  associated  with  increased  liver  weight  and 
hepatocellular  hypertrophy  (Amacher  et  al.,  2001).  However,  these  authors  did  not  find  correlation  between  hepatic  enzyme  induction 
and  increased  levels  of  liver  enzymes,  such  as  ALT  and  AST  indicative  of  hepatotoxicity.  Therefore  is  appears  that  the  increased 
levels  of  serum  liver  enzymes  in  response  to  drug  can  occur  independently  of  microsomal  enzyme  induction  and  liver  injury. 


Conclusion 

Based  on  the  absence  of  adverse  effects  following  4  weeks  of  oral  administration  of  VBP  15  to  mice  at  10,  30,  and  100  mpk/day,  the 
No-Observable-Adverse-Effect  Level  (NOAEL)  is  considered  to  be  at  least  100  mpk/day.  Note  that  pre-clinical  studies  in  the  mdx 
showed  optimal  doses  at  30  mpk/day. 
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ABSTRACT 

Glucocorticoids  are  standard  of  care  for  many  inflammatory  con¬ 
ditions,  but  chronic  use  is  associated  with  a  broad  array  of  side 
effects.  This  has  led  to  a  search  for  dissociative  glucocorticoids — 
drugs  able  to  retain  or  improve  efficacy  associated  with  transre¬ 
pression  [nuclear  factor-KB  (NF-kB)  inhibition]  but  with  the  loss  of 
side  effects  associated  with  transactivation  (receptor-mediated 
transcriptional  activation  through  glucocorticoid  response  ele¬ 
ment  gene  promoter  elements).  We  investigated  a  glucocorticoid 
derivative  with  a  A-9,1 1  modification  as  a  dissociative  steroid.  The 
A-9,11  analog  showed  potent  inhibition  of  tumor  necrosis  factor¬ 
y-induced  NF-kB  signaling  in  cell  reporter  assays,  and  this  tran¬ 
srepression  activity  was  blocked  by  17j8-hydroxy-1 1  /3-[4- 
dimethylamino  phenyl]-1 7u-[1  -propynyl]estra-4,9-dien-3-one 
(RU-486),  showing  the  requirement  for  the  glucocorticoid  receptor 


(GR).  The  A-9,11  analog  induced  the  nuclear  translocation  of  GR 
but  showed  the  loss  of  transactivation  as  assayed  by  GR- 
luciferase  constructs  as  well  as  mRNA  profiles  of  treated  cells.  The 
A-9,11  analog  was  tested  for  efficacy  and  side  effects  in  two 
mouse  models  of  muscular  dystrophy:  mdx  (dystrophin  defi¬ 
ciency),  and  SJL  (dysferlin  deficiency).  Daily  oral  delivery  of  the 
A-9,11  analog  showed  a  reduction  of  muscle  inflammation  and 
improvements  in  multiple  muscle  function  assays  yet  no  reduc¬ 
tions  in  body  weight  or  spleen  size,  suggesting  the  loss  of  key  side 
effects.  Our  data  demonstrate  that  a  A-9,11  analog  dissociates 
the  GR-mediated  transcriptional  activities  from  anti-inflamma¬ 
tory  activities.  Accordingly,  A-9,11  analogs  may  hold  promise 
as  a  source  of  safer  therapeutic  agents  for  chronic  inflamma¬ 
tory  disorders. 
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Introduction 

Glucocorticoids  have  been  studied  extensively  for  the  past  60 
years  and  are  among  the  most  prescribed  drugs  (Hillier,  2007). 
They  exhibit  potent  anti-inflammatory  properties  and  are  stan¬ 
dard  of  care  for  many  chronic  and  acute  inflammatory  condi¬ 
tions,  including  lupus,  myositis,  asthma,  rheumatoid  arthritis, 
and  muscular  dystrophy  (Baschant  and  Tuckermann,  2010). 
However,  the  side-effect  profiles  of  pharmacological  glucocorti¬ 
coids  are  significant,  including  muscle  atrophy,  adrenal  defi¬ 
ciency,  osteoporosis,  spleen  atrophy,  short  stature,  and  mood 
and  sleep  disturbances,  among  others  (Chrousos  et  al.,  1993; 
DeBosscher,  2010).  This  has  led  to  a  search  for  dissociative 
steroids — drugs  able  to  retain  activities  responsible  for  molec¬ 
ular  and  clinical  efficacy  with  the  loss  of  subactivities  responsi¬ 
ble  for  side  effects  (Newton  and  Holden,  2007). 

The  mechanism  of  action  of  glucocorticoids  is  through  tran¬ 
srepression  and  trans activation  properties.  Transrepression 
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involves  ligand/receptor  interactions  with  other  cellular  sig¬ 
naling  proteins,  such  as  the  inhibition  of  nuclear  factor- kB 
(NF-kB)  complexes  (Rhen  and  Cidlowski,  2005;  Newton  and 
Holden,  2007).  Transrepression  has  been  associated  with 
anti-inflammatory  activity  and  clinical  efficacy.  Transactiva¬ 
tion  (also  termed  c/s-regulation)  is  mediated  by  ligand/gluco¬ 
corticoid  receptor  (GR)  translocation  from  the  cytoplasm  to 
the  nucleus,  with  ligand/receptor  dimers  binding  directly  to 
glucocorticoid  response  elements  (GREs)  in  the  promoters  of 
target  genes  (Dostert  and  Heinzel,  2004).  Transactivation 
has  been  associated  with  deleterious  side  effects  (Newton  and 
Holden,  2007). 

The  balance  of  efficacy  and  side  effects  is  well  illustrated  in 
the  effects  of  glucocorticoids  on  muscle  tissue.  Chronic  ad¬ 
ministration  of  glucocorticoids  leads  to  relatively  rapid  mus¬ 
cle  loss  via  the  Forkhead  box  O  (FOXO)/atrogin  atrophy 
signaling  pathway,  and  can  cause  glucocorticoid  myopathy 
(critical  care  myopathy)  (Di  Giovanni  et  al.,  2004;  Puthuc- 
heary  et  al.,  2010).  In  contrast,  chronic  glucocorticoids  are 
used  in  Duchenne  muscular  dystrophy  to  increase  muscle 
strength  and  prolong  ambulation,  possibly  through  their  anti¬ 
inflammatory  effect  (Bach  et  al.,  2010;  Hussein  et  al.,  2010; 
Escolar  et  al.,  2011).  The  beneficial  properties  of  steroids  are 
offset  partly  by  side  effects,  including  atrogin-mediated  muscle 
wasting  bone  fragility,  obesity,  and  short  stature  (Schara  et  al., 
2001). 

Lazaroid  A-9,11  analogs  were  developed  originally  as  non¬ 
glucocorticoid  steroids  with  effects  on  cell  membranes  and 
tested  clinically  for  neuroprotection  by  the  inhibition  of  lipid 
peroxidation  (Taylor  et  al.,  1996;  Bracken  et  al.,  1997;  Ka- 
vanagh  and  Kam,  2001).  More  recent  studies  of  lazaroids  in 
muscle  found  the  inhibition  of  calcium  release  in  C2C12  mus¬ 
cle  cells  (Passaquin  et  al.,  1998)  and  the  attenuation  of  isch- 
emia/reperfusion  injury  (Campo  et  al.,  1997).  Lazaroids  have 
been  found  to  protect  against  acute  inflammation  (endotoxin- 
induced  shock)  through  the  inhibition  of  inducible  nitric- 
oxide  synthase  (Altavilla  et  al.,  1999),  tumor  necrosis  factor-a 
(TNF-a)  (Altavilla  et  al.,  1998),  and  NF-kB  (Fukuma  et  al., 
1999).  A  A-9,11  analog  without  the  large  polar  21-amino 
group  has  been  developed  as  an  anti-neovascularization 
agent  in  macular  degeneration  (anecortave)  (Clark,  2007) 
and  more  recently  investigated  for  a  similar  effect  in  retino¬ 
blastoma  (Bajenaru  et  al.,  2010).  In  this  article,  we  investi¬ 
gated  a  A-9,11  analog  (anecortave;  prodrug),  as  well  as  its 
active  metabolite  [anecortave  desacetate  (VBP1)],  as  a  disso¬ 
ciative  steroid. 

Materials  and  Methods 

Mice.  C57BL/6,  SJL/J  (dysferlin  deficient),  and  C57BL/10ScSn- 
Dmdmdx/J  ( mdx )  (dystrophin  deficient)  mice  were  purchased  from 
The  Jackson  Laboratory  (Bar  Harbor,  ME).  GR(dim/dim)  mice 
(Reichardt  et  al.,  1998)  were  obtained  from  Deutsches  Krebsforsc- 
hungszentrum  (German  Cancer  Research  Center,  Heidelberg,  Ger¬ 
many).  All  of  the  animal  experiments  were  conducted  in  accordance 
with  our  Institutional  Animal  Care  and  Use  Committee  guidelines 
under  approved  protocols. 

Synthesis  of  A-9,11  Analogs.  Analogs  were  synthesized  by 
Bridge  Organics  (Kalamazoo,  MI)  (Supplemental  Fig.  1).  Anecortave 
is  the  prodrug  for  VBP1. 


NF-kB  Inhibition  Assay.  The  in  vitro  drug  screening  assay  for 
NF-kB  inhibition  in  C2C12  cells  was  done  as  described  previously 
(Baudy  et  al.,  2009).  To  measure  the  ablation  of  NF-kB  effects  by  the 
addition  of  a  GR  antagonist,  reporter  cells  were  pretreated  for  1  h 
with  the  drug  at  a  constant  concentration  and  17p-hydroxy-ll(M4- 
dimethylamino  phenyl]- 17a- [l-propynyl]estra-4,9-dien-3-one  (RU- 
486)  at  increasing  concentrations  (1  nM  to  10  |jlM).  After  the  pre¬ 
treatment,  cells  were  stimulated  with  TNF-a  (10  ng/ml)  and  assayed 
for  luciferase  activity  3  h  later. 

For  studies  using  GR(dim/dim)  mice,  splenocytes  were  isolated 
from  GR(dim/dim)  and  C57BL/6  mice.  Splenocytes  were  treated  with 
prednisolone  (10  |jim),  anecortave  (10  |jlM),  or  vehicle  [dimethyl  sul¬ 
foxide  (DMSO)]  for  24  h.  After  the  treatment,  cells  were  stimulated 
with  TNF-a  (10  ng/ml)  for  an  additional  24  h.  A  murine  NF-kB- 
regulated  cDNA  plate  array  (Signosis,  Inc.,  Sunnyvale,  CA)  was  used 
to  monitor  gene  expression. 

Nuclear  Translocation  Assays.  Translocation  assays  were  per¬ 
formed  by  DiscoveRx  (Fremont,  CA)  using  GR,  mineralocorticoid 
receptor  (MR),  and  androgen  receptor  (AR)  Nuclear  Translocation 
PathHunter  cells  (DiscoveRx). 

Immunofluorescence.  A549  cells  were  incubated  with  the  drug 
for  24  h  in  serum-free  media,  fixed  using  formaldehyde,  and  then 
processed  with  primary  antibody  (rabbit  anti-GR;  1:50;  GGR  H-300; 
Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA).  Alexa  Fluor  568 
goat  anti-rabbit  IgGl:100  (Invitrogen,  Carlsbad,  CA),  and  4,6-di- 
amidino-2-phenylindole  were  used  for  visualization  on  an  LSM  510 
confocal  microscope  (Carl  Zeiss  Inc.,  Thornwood,  NY). 

GRE  Transcription  Assay.  HEK293  cells  stably  transfected 
with  a  luciferase  reporter  construct  regulated  under  a  GRE  (Panom- 
ics,  Fremont,  CA)  were  grown  according  to  the  manufacturer’s  in¬ 
structions.  Cells  were  treated  with  drugs  for  6  h  at  37°C,  and  lu¬ 
ciferase  activity  was  measured  (Promega,  Madison,  WI)  using  a 
Centro  LB  960  luminometer  (Berthold  Technologies,  Bad  Wildbad, 
Germany). 

Myotube  Microarrays.  H-2K  myoblasts  were  obtained  as  de¬ 
scribed  previously  (Morgan  et  al.,  1994;  Harris  et  al.,  1999).  Condi¬ 
tionally,  immortalized  wild-type  and  mdx  H-2K  myoblast  cell  lines 
underwent  differentiation  to  myotubes  for  5  days  and  were  exposed 
to  prednisolone,  anecortave,  or  DMSO  vehicle  for  4  h.  RNA  was 
isolated  and  analyzed  on  Affymetrix  430a  2.0  microarrays.  Probe  set 
signals  were  derived  using  the  PLIER  probe  set  algorithm.  Thresh¬ 
olds  used  for  the  comparisons  of  drug-treated  versus  vehicle-treated 
were  p  value  <0.01,  fold  change  >1.2. 

A549  Gene  Transcription  Assay.  A549  cells  were  grown  to 
confluence  in  Dulbecco’s  modified  Eagle’s  medium  containing  10% 
fetal  calf  serum  and  exposed  to  prednisolone  (1,  10,  or  100  |jlM), 
anecortave  (1,  10,  or  100  |jlM),  or  vehicle  control  (DMSO)  for  4  h  at 
37°C  and  for  24  h  at  37°C.  Real-time  polymerase  chain  reaction  was 
performed  for  FKBP5,  GILZ,  CCL2,  and  MKP-1  mRNAs,  and  18S  ribo- 
somal  RNA  (housekeeping  control)  using  TaqMan  primers  (Applied  Bio¬ 
systems,  Foster  City,  CA). 

Receptor  Binding  Assays.  GR  binding  assays  were  performed 
by  two  methods.  Rat  liver  assays  were  performed  by  the  State  Uni¬ 
versity  of  New  York  at  Buffalo  using  methods  published  previously 
(Almon  et  al.,  2008).  Competitive  binding  assays  were  performed  by 
Caliper  Life  Sciences  (Hopkinton,  MA),  using  radiolabeled  3H  li¬ 
gands  and  partially  purified  full-length  human  receptors  expressed 
from  recombinant  baculovirus-infected  insect  cells. 

Preclinical  Trials.  In  a  short-term  trial,  prednisolone  (1  mg/kg) 
and  anecortave  (5  mg/kg)  were  administered  orally  to  8-week-old 
female  mdx  mice  daily  via  syrup  drops  for  3  weeks.  The  visualization 
of  inflammation  in  vivo  using  the  noninvasive  imaging  of  cathepsin 
B  caged  near-infrared  substrate  ProSense  680  (PerkinElmer, 
Waltham,  MA)  was  done  as  described  previously  (Baudy  et  al.,  2011). 


ABBREVIATIONS:  NF-kB,  nuclear  factor-KB;  AR,  androgen  receptor;  FOXO,  Forkhead  box  O;  GR,  glucocorticoid  receptor;  GRE,  glucocorticoid 
response  element;  MR,  mineralocorticoid  receptor;  TNF-a,  tumor  necrosis  factor-a;  VBP1,  anecortave  desacetate;  RU-486,  17j8-hydroxy-1 1  /3- 
[4-dimethylamino  phenyl]-17a-[1-propynyl]estra-4,9-dien-3-one;  DMSO,  dimethyl  sulfoxide;  HEK,  human  embryonic  kidney. 
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Membrane  permeability  was  assessed  using  Cy5.5-labeled  10-kDa 
dextran  beads  injected  intraperitoneally  (150  |rl/mouse).  The  fore¬ 
limbs  and  hindlimbs  were  scanned  using  the  eXplore  Optix  (GE 
Medical  Systems,  London,  ON,  Canada)  optical  scanner  24  h  after 
injection  and  then  quantified  using  Optiview  software  to  calculate 
the  total  number  of  photon  counts  per  square  millimeter  of  scanned 
area. 

For  the  4-month  trials,  8-week-old  female  mdx  mice  (n  =  24,  8  per 
group)  and  12-week-old  SJL  mice  (n  =  24,  8  per  group)  were  sepa¬ 
rated  into  untreated,  anecortave-treated,  and  prednisolone-treated 
groups.  Drugs  were  administered  to  the  treated  mice  via  food  for  4 
months  at  a  dose  of  40  mg/kg  anecortave  and  5  mg/kg  prednisolone. 
Evaluation  of  function,  behavior,  and  histology  using  hematoxylin 


and  eosin  of  formalin-fixed,  paraffin-embedded  muscle  was  per¬ 
formed  as  described  previously  (Spurney  et  al.,  2009).  Force  mea¬ 
surements  were  conducted  on  the  extensor  digitorum  longus  muscle 
of  the  right  hindlimb  of  the  mdx  mouse  as  described  previously 
(Spurney  et  al.,  2011). 

Results 

A-9,11  Analogs  Show  Retention  of  NF-kB  Transre¬ 
pression  Activities.  To  determine  whether  A-9,11  analogs 
retained  NF-kB  inhibitory  activity,  we  used  a  TNF-a-induced 
NF-kB  luciferase  construct  stably  transfected  in  C2C12  cells 
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Fig.  1.  A-9,11  Glucocorticoid  analogs  retain  transrepression  activities.  A,  the  A-9,11  double  bond  dissociates  the  transactivational  activities  of 
traditional  steroids  (VBP1,  anecortave)  (arrow).  Lazaroids  share  the  A-9,11  double  bond  but  have  larger  moieties  designed  for  membrane  integration. 
B,  A-9,11  analogs  show  potent  inhibition  of  TNF-a-induced  NF-kB  activity,  similar  to  that  seen  by  prednisolone.  Shown  is  a  luciferase  reporter  assay 
in  C2C12  cells.  C,  the  inhibition  of  TNF-a-induced  NF-kB  activity  is  blocked  by  increasing  concentrations  of  the  GR  antagonist  RU-486,  showing  GR 
dependence  of  NF-kB  inhibition  (one-way  analysis  of  variance  with  Dunnett’s  multiple  comparison  test:  *,  p  <  0.05;  **,  p  <  0.01).  Mean  ±  S.E.M. 
values  are  representative  data  from  three  independent  experiments  performed  in  triplicate  and  are  expressed  as  the  percentage  of  reporter  inhibition 
compared  with  no-drug  controls. 
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and  studied  drug  effects  on  both  undifferentiated  myoblasts 
and  multinucleated  myotubes  (Baudy  et  al.,  2009).  We  syn¬ 
thesized  anecortave,  and  the  21-hydroxy  desacetate  form, 
VBP1  (Fig.  1;  Supplemental  Fig.  1).  A-9,11  Analogs  showed 
NF-kB  inhibitory  activity  in  both  cell  differentiation  stages 
at  potencies  comparable  with  that  of  prednisolone  (Fig.  IB). 
The  transrepression  activities  of  prednisolone,  anecortave, 
and  VBP1  were  blocked  by  increasing  the  concentrations  of 
the  receptor  antagonist  RU-486,  suggesting  that  the  NF-kB 
inhibitory  activity  of  all  three  compounds  is  mediated  by  GR 
(Fig.  1C).  RU-486  also  antagonizes  the  progesterone  receptor; 
however,  we  found  no  detectable  binding  of  anecortave  or 
VBP1  with  progesterone  receptor  over  a  broad  concentration 
range  (see  below). 

To  determine  whether  A-9,11  analogs  induced  nuclear 
translocation  of  GR,  we  studied  dexamethasone  and  the  two 
analogs  using  a  p-galactosidase  chemiluminescence  binding 
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Fig.  2.  A-9,11  Analogs  induce  GR  translocation  from  the  cytoplasm  to 
nucleus.  A,  CHO-K1  cell  line  expressing  (1-galactosidase  fragments  on 
both  GRs  and  a  nuclear  steroid  coactivator  peptide  shows  nuclear  trans¬ 
location  induced  by  both  glucocorticoids  and  A-9,11  analogs.  B,  both 
dexamethasone  and  VBP1  induce  nuclear  translocation  of  GR  in  A549 
cells.  Cells  were  stained  for  GR  (red)  and  4,6-diamidino-2-phenylindole 
(blue)  for  nuclear  reference.  A  merge  of  the  two  colors  is  represented  in 
the  right  column.  Cells  before  exposure  are  shown  in  the  top  row. 
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partner  assay  in  a  CHO  cell  line.  Both  A-9,11  analogs  in¬ 
duced  nuclear  translocation  at  approximately  half  the  levels 
induced  by  dexamethasone  (Fig.  2A).  In  addition,  immuno- 
staining  of  A549  cells  after  the  incubation  with  VBP1  or 
dexamethasone  for  30  min  showed  nuclear  translocation  of 
GR  (Fig.  2B). 

A-9,11  Analogs  Show  the  Loss  of  GRE-Mediated 
Transactivation  Activities.  The  ability  of  the  A-9,11  ana¬ 
logs  to  mediate  transcriptional  activity  using  GREs  was  stud¬ 
ied  by  measuring  the  response  of  a  HEK293  cell  line  with 
GRE  consensus  sites  coupled  to  a  luciferase  reporter.  Pred¬ 
nisolone  strongly  induced  GRE-mediated  luciferase  expres¬ 
sion  in  a  dose-dependent  manner,  whereas  A-9,11  analogs 
showed  no  activity  at  200  times  prednisolone  concentrations 
(Fig.  3A).  These  data  suggested  that  A-9,11  analogs  lack 
trans activation  (GRE-mediated  transcriptional)  properties. 

To  more  broadly  test  global  transcriptional  responses  to 
prednisolone  and  A-9,11  analogs,  wild-type  and  dystrophin- 
deficient  mdx  H-2K  myotubes  were  treated  with  drugs  fol¬ 
lowed  by  mRNA  profiling  using  Affymetrix  microarrays  (Fig. 
3B).  We  have  shown  previously  that  substantial  transcrip¬ 
tional  responses  to  corticosteroids  occur  in  muscle  approxi- 
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Fig.  3.  A-9,11  Analogs  show  the  loss  of  downstream  GRE-mediated  trans¬ 
activation.  A,  a  cell-based  reporter  assay  with  GRE  promoter  elements 
fused  to  luciferase  shows  induction  by  prednisolone  but  not  anecortave, 
which  is  consistent  with  the  loss  of  GRE-dependent  transcription  by 
A-9,llanalogs.  B,  wild-type  (WT)  {n  =  3)  and  dystrophin-deficient  {mdx) 
{n  =  3)  H-2K  myotubes  were  exposed  to  10  (jlM  prednisolone  or  anecor¬ 
tave  for  4  h.  mRNA  expression  profiles  were  generated  as  described  under 
Materials  and  Methods  and  analyzed.  Prednisolone  induced  a  strong 
transcriptional  response  involving  148  transcripts  coordinately  regulated 
in  WT  and  mdx  myotubes  (red  =  increased  expression,  black  =  no 
change,  green  =  decreased  expression)  relative  to  vehicle-only  controls 
(DMSO)  (p  <  0.01  independently  for  WT  and  mdx).  The  A-9,11  analog 
failed  to  induce  this  transcriptional  pattern,  appearing  more  similar  to 
vehicle-only  control  myotubes  for  both  wild-type  and  mdx.  Selection  of 
these  genes  was  by  statistical  methods;  however,  the  heat  map  does  not 
represent  statistical  significance. 
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mately  4  to  8  h  after  a  bolus  of  the  drug  in  vivo  (Almon  et  al., 
2007;  Yao  et  al.,  2008)  and  selected  the  4-h  time  point  to 
enrich  for  direct  transcriptional  targets  of  ligand/receptor 
complexes.  A  total  of  148  mRNA  transcripts  modulated  by  10 
fiM  prednisolone  at  4  h  in  both  wild-type  and  mdx  cultures 
were  seen  ( p  <  0.01  and  fold-change  >1.2  in  both  experi¬ 
ments),  with  75%  transcriptionally  activated  by  prednisolone 
(red  color)  and  25%  transcriptionally  repressed  (green  color) 
(Fig.  3B).  The  anecortave-treated  cultures  showed  little  over¬ 
lap  with  prednisolone  and  instead  appeared  more  similar  to 
control  (DMSO  vehicle)-treated  cultures. 

The  mRNA  profiles  were  queried  for  molecular  networks 
associated  with  GR  (NRC31)  (Supplemental  Fig.  2A),  and 
this  showed  prednisolone  to  cause  the  expected  negative 
transcriptional  regulation  of  GR  (Burnstein  et  al.,  1991),  as 
well  as  the  induction  of  a  key  muscle  atrophy  transcript, 
FOXO  (Reed  et  al.,  2012)  (Supplemental  Fig.  2,  A  and  B). 
Comparing  this  to  anecortave-regulated  transcripts,  there 
was  little  evidence  of  a  shared  transcriptional  response  with 
prednisolone,  with  no  down-regulation  of  GR  or  transcrip¬ 
tional  activation  of  FOXO  1.  In  a  different  nonmuscle  assay, 
A549  cells  treated  with  prednisolone  induced  the  expected 
transcriptional  up-regulation  of  FKBP5,  GILZ,  and  MKP-1 
(Chivers  et  al.,  2006),  whereas  exposure  to  A-9,11  analogs  did 
not  alter  the  expression  of  these  target  genes  (Supplemental 
Fig.  2C).  All  of  the  data  were  consistent  with  the  loss  of 
GRE-mediated  transcriptional  response  by  A-9,11  analogs. 

A-9,11  Analogs  Mediate  Transrepression  as  Ligand/GR 
Monomers.  To  test  whether  GR-mediated  NF-kB  inhibition 
was  a  dimer-  or  monomer-mediated  event,  we  used  GR(dim/ 
dim)  mice  transgenic  for  a  GR  gene  containing  a  point  mu¬ 
tation  preventing  dimerization  (Reichardt  et  al.,  2001). 
Splenocytes  were  isolated  from  GR(dim/dim)  and  wild-type 
mice,  pretreated  with  10  pM  anecortave  or  prednisolone,  and 
then  tested  for  the  inhibition  of  TNF-a  induced  NF-kB  tran¬ 
scriptional  targets  using  a  mouse  NF-KB-regulated  cDNA 
array.  We  found  that  both  prednisolone  and  anecortave  in¬ 
hibited  TNF-a-induced  targets  efficiently  in  GR(dim/dim) 
mice  but  less  so  in  wild-type  mice.  In  addition,  some  genes 
C IRF1 ,  FASL ,  IFNB1,  COX2 ,  IFNy,  and  ILla )  were  inhibited 
more  strongly  by  anecortave  than  by  prednisolone  in  wild- 
type  splenocytes  but  not  in  GR(dim/dim)  mice  (Supplemental 
Table  1).  This  suggested  that  the  NF-kB  inhibitory  activity 
was  mediated  by  GR/ligand  monomers. 

A-9,11  Glucocorticoid  Analogs  Show  Differential 
Cross-Reactivity  with  Nuclear  Hormone  Receptors. 
Competitive  binding  assays  were  carried  out  for  A-9,11  ana¬ 
logs  compared  with  known  high-affinity  ligands  for  the  GR, 
MR,  AR,  and  estrogen  and  progesterone  receptors  (Supple¬ 
mental  Fig.  3;  Supplemental  Table  2).  VBP1  showed  binding 
to  GR  at  approximately  50-fold  reduced  affinity  (triamcino¬ 
lone  IC50  =  1.34  X  10“9;  VBP1 IC50  =  6.53  X  10“8).  Neither 
anecortave  nor  VBP1  showed  any  detectable  binding  to  the 
estrogen  or  progesterone  receptors  (Supplemental  Fig.  3). 
For  MR,  binding  affinity  varied  significantly  between  the 
different  A-9,11  glucocorticoid  analogs — VBP1  showed  11- 
fold  higher  affinity  than  spironolactone,  whereas  anecortave 
had  a  5-fold  lower  binding  affinity  (Supplemental  Fig.  3; 
Supplemental  Table  2).  For  AR,  anecortave  and  VBP1 
showed  >  100-fold  reduced  affinity  compared  with  methyl- 
trienolone.  In  contrast  to  GR,  the  A-9,11  analogs  did  not 


induce  the  nuclear  translocation  of  MR  or  AR  (E.K.M  Reeves, 
unpublished  observations). 

Given  the  relatively  high  affinities  of  VBP1  and  anecortave 
for  MR  and  the  known  anti-inflammatory  activities  of  MR 
complexes  (Yagi  and  Sata,  2011),  we  tested  the  abilities  of 
prednisolone  and  anecortave  to  induce  MR  gene  targets  in 
normal  and  mdx  myo tubes.  The  mRNA  profiles  used  to  ana¬ 
lyze  GR  targets  were  queried  for  known  MR  gene  targets, 
and  the  data  were  analyzed  statistically,  visualized  by  heat 
maps,  and  tested  for  MR-associated  networks  using  Ingenu¬ 
ity  Pathway  Analysis  (Ingenuity  Systems,  Redwood  City, 
CA).  We  found  no  evidence  of  the  regulation  of  MR  targets  by 
either  prednisolone  or  anecortave  (Z.  Wang  and  E.  P.  Hoff¬ 
man,  unpublished  observations). 

In  Vivo  Tests  of  Efficacy  and  Side  Effects  in  Murine 
Models  of  Muscular  Dystrophy.  We  compared  anecortave 
to  prednisolone  in  three  preclinical  trials  using  mouse  mus¬ 
cular  dystrophy  models:  one  short-term,  3-week  daily  oral 
bolus  dosing  study  to  assess  effects  on  muscle  inflammation 
in  dystrophin-deficient  mdx  mice  and  two  longer-term, 
4-month  studies  with  administration  in  food  in  both  dystro¬ 
phin-deficient  mdx  and  dysferlin-deficient  SJL  mice. 

In  the  3-week  acute  trial,  a  daily  oral  bolus  was  given  in 
syrup  (1  mg/kg  per  day  prednisolone  or  5  mg/kg  per  day 
anecortave).  A  significant  reduction  of  cathepsin  B  activity, 
an  indicator  of  muscle  inflammation  and  regeneration,  in  the 
forelimbs  of  both  prednisone-  and  anecortave-treated  mdx 
mice  was  observed  in  comparison  to  untreated  mdx  mice  as 
shown  by  the  caged  near-infrared  cathepsin  B  substrate 
Prosense  680  (Fig.  4A)  (Baudy  et  al.,  2011). 

In  the  4-month  trials  (separate  mdx  and  SJL  trials),  we 
used  chronic  dosing  in  food  at  higher  levels  (mouse  chow 
prepared  with  —5  mg/kg  per  day  prednisolone  or  —40  mg/kg 
per  day  anecortave)  (approaching  the  maximum  tolerated 
doses  for  both  drugs).  At  the  study  end  point,  prednisolone- 
treated  mice  in  the  mdx  mouse  trial  showed  significant  losses 
of  both  body  weight  and  spleen  weight  (Fig.  4,  B  and  C), 
which  is  consistent  with  previous  reports  of  deleterious  side 
effects  in  rats  (Orzechowski  et  al.,  2002),  whereas  anecortave 
at  higher  doses  showed  none  of  these  side  effects.  Likewise, 
in  the  dysferlin-deficient  (SJL)  trial,  prednisolone,  but  not 
anecortave,  induced  a  significant  loss  of  spleen  weight  [con¬ 
trol,  6.09  ±  0.34  g;  prednisolone,  4.11  ±  0.23  g  (*,p  <  0.05); 
anecortave,  6.52  ±  0.59  g].  In  the  SJL  trial,  the  body  weights 
of  prednisolone  mice  were  similar  to  those  of  controls, 
whereas  anecortave  mice  significantly  increased  body  weight 
(control,  19.62  ±  0.62  g;  prednisolone,  20.16  ±  0.41  g;  anecor¬ 
tave,  21.83  ±  0.68  g*).  In  the  SJL  trial,  prednisolone  induced 
significantly  increased  heart  weight  normalized  to  body 
weight,  whereas  anecortave  did  not  induce  this  off-target 
effect  (control,  4.98  ±  0.13  mg;  prednisolone,  6.29  ±  0.27 
mg*;  anecortave,  4.84  ±  0.20  mg). 

In  both  mdx  and  SJL  trials,  multiple  histological  and  func¬ 
tional  end  points  reflective  of  drug  efficacy  showed  improve¬ 
ment  with  both  anecortave  and  prednisolone,  and  often 
greater  efficacy  was  seen  with  anecortave.  In  the  mdx  trial, 
inflammatory  infiltrates  decreased,  whereas  muscle  force  in¬ 
creased  significantly  with  anecortave  (Supplemental  Fig.  4). 
In  the  SJL  trial,  forelimb  grip  strength  increased  signifi¬ 
cantly  in  anecortave  mice  (control,  95  ±  3  g;  prednisolone, 
97  ±  1  g;  anecortave,  108  ±  3  g*),  as  did  performance  on  a 
rotorod  motor  coordination  test  (control,  103.6  ±  4.76  s;  pred- 
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Fig.  4.  A  A-9,11  analog  improves  muscular  dystrophy  in  both  mdx  and  SJL 
models,  with  no  evidence  of  prednisolone-associated  side  effects.  A,  cathepsin  B 
optical  imaging  of  the  forelimbs  was  performed  on  mdx  mice  that  were  admin¬ 
istered  daily  prednisone  or  anecortave  syrup  for  3  weeks.  Both  drugs  showed 
significant  reductions  in  cathepsin  B  levels,  an  enzyme  directly  relaying  levels  of 
muscle  inflammation  and  regeneration  (illustrated  as  a  photon  intensity  map; 
purple  =  lowest  photon  counts,  red  =  highest)  (Student’s  unpaired  t  test  com¬ 
paring  untreated  to  each  drug-treated  group;  *,p  <  0.05).  B  and  C,  a  4-month 
trial  was  conducted  in  mdx  mice  receiving  prednisolone  or  anecortave  in  food. 
Prednisone-treated  mice,  but  not  A-9,11  analog-treated  mice,  showed  the  ex¬ 
pected  side  effects  of  loss  of  body  weight  (B)  and  spleen  weight  (C).  (One-way 
analysis  of  variance  with  Bonferroni  multiple  comparison  post  hoc  test:  *,  p  < 
0.05;  **,  p  <  0.01.)  D,  SJL  (dysferlin-deficient)  mice  were  treated  with  pred¬ 
nisolone  (5  mg/kg)  or  anecortave  (40  mg/kg)  for  4  months  in  food.  A  10-kDa 
dextran  coupled  to  Cy5.5  dye  was  injected  intraperitoneally  (150  pi  per  mouse), 
and  the  inclusion  of  the  dye  into  muscle  in  vivo  was  assessed  24  h  after  injection 
by  live  animal  optical  scanning.  Anecortave-treated  muscle  showed  improved 
resistance  to  dye  inclusion,  suggesting  partial  rescue  of  plasma  membrane 
defects  (Student’s  unpaired  t  test  comparing  untreated  to  each  drug-treated 
group;  *,  p  <  0.05;  **,  p  <  0.01). 


nisolone,  121.1  ±  4.04  s;  anecortave,  137.9  ±  17.64  s*).  His¬ 
tologically,  there  were  significantly  fewer  central  nucleated 
fibers  in  anecortave-treated  mice,  indicating  protection  from 
myofiber  degeneration  (control,  154.3  ±  12.2  central  nuclei 
per  field;  prednisolone,  146.7  ±  18.4  central  nuclei  per  field; 
anecortave,  111.8  ±  5.2*  central  nuclei  per  field).  Assess¬ 
ments  of  myofiber  membrane  integrity  using  optical  imaging 
of  muscle  after  intraperitoneal  injection  of  Cy5.5-labeled  10- 
kDa  dextran  beads  showed  significant  reductions  in  myofiber 
dye  uptake  in  both  prednisolone-  and  anecortave-treated 
mouse  forelimbs  and  hindlimbs  (Fig.  4D),  although  the  effect 
in  hindlimbs  was  more  pronounced  for  anecortave  relative  to 
that  for  prednisolone. 


Discussion 

Existing  models  of  glucocorticoid  anti-inflammatory  activities 
involve  ligand  binding  to  the  GR  cytoplasmic  receptor.  Previous 
reports  using  transgenic  mice  harboring  GR  mutations  that 
prevent  dimerization  of  GR  [GR(dim/dim)]  have  shown  that 
these  mice  retain  the  anti-inflammatory  response  to  pharma¬ 
cological  glucocorticoids  but  do  not  transactivate  genes  with 
GRE  cis-e lements  (Reichardt  et  al.,  1998).  These  data  suggest 
that  neither  dimerization  nor  GRE-mediated  transcriptional 
activation  (transactivation  properties)  are  required  for  the  effi¬ 
cacy  of  glucocorticoids.  The  GR(dim/dim)  data  set  the  stage  for 
the  efforts  to  develop  and  test  dissociative  steroidal  compounds 
that  bind  and  translocate  GR  but  do  not  modulate  GRE- 
mediated  transcription. 

In  this  article,  we  show  that  a  A-9,11  analog  of  glucocorticoids 
[anecortave  (prodrug),  VBP1]  is  a  dissociative  steroid — it  trans¬ 
locates  GR  and  shows  anti-inflammatory  activities  yet  lacks 
GRE-mediated  transcription.  To  our  knowledge,  we  present  the 
first  data  testing  the  transrepression  and  transactivation  activ¬ 
ities  of  A-9,11  analogs.  We  found  that  the  A-9,11  analog  was 
able  to  bind  GR  (albeit  at  a  lower  affinity  compared  with  classic 
ligands)  and  retained  activity  in  inducing  translocation  of  GR 
from  the  cytoplasm  to  the  nucleus  (Fig.  2)  but  did  not  induce 
GRE-mediated  transcription.  It  also  retained  potent  NF-kB  in¬ 
hibitory  activities,  at  levels  similar  to  standard  GR  ligands,  and 
this  transrepression  activity  was  blocked  by  RU-486,  showing  a 
requirement  for  GR  (Fig.  1C).  Furthermore,  this  NF-kB  inhib¬ 
itory  activity  still  was  retained  in  cells  unable  to  form  GR 
dimers  and  undergo  GRE-mediated  transactivation  [GR(dim/ 
dim)  transgenic  mice],  suggesting  that  transpression  was  me¬ 
diated  by  ligand/GR  monomers.  The  A-9,11  analog  showed  anti¬ 
inflammatory  activity  in  vivo  in  acute  (4  weeks)  and  long-term 
(4  month)  studies  in  two  animal  models  of  muscular  dystrophy 
(dystrophin-deficient  mdx  and  dysferlin-deficient  SJL).  Efficacy 
of  the  A-9,11  analog  using  multiple  histological  and  functional 
outcome  measures  was  equal  to  or  greater  than  that  of  pred¬ 
nisolone,  although  dosing  regimens  varied,  and  more  extensive 
dose  optimization  is  required  (Fig.  4). 

Many  inflammatory  genes  are  regulated  by  both  direct 
GR/GRE  action  on  their  gene  promoters  as  well  as  NF-kB 
DNA  binding.  Indeed,  part  of  the  complexity  of  GR  action  on 
anti-inflammatory  genes  includes  GR/NF-kB  antagonism  at 
the  level  of  gene  promoters,  leading  to  the  steric  occlusion  of 
NF-kB  DNA  binding  by  GR  (Novae  et  al.,  2006).  Given  our 
model  of  the  dissociative  activity  of  A-9,11  analogs,  we  would 
expect  NF-kB  DNA  binding  to  be  retained  but  GRE-mediated 
DNA  binding  to  be  lost,  thus  leading  to  differential  regula- 
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tion  of  the  expression  of  genes  that  have  both  GREs  and 
NF-kB  promoter  elements  ( IRF1 ,  FASL,  IFNB1,  COX2,  and 
IFNy)  versus  those  that  have  only  NF-kB  promoter  elements 
(IL-6,  NOS2,  MMP1 ,  IL-9,  TNFa,  TNFR,  MYC ,  and  IL-la) 
(Supplemental  Table  1).  Consistent  with  this  model,  tran¬ 
scripts  containing  only  NF-kB  promoter  elements  were  in¬ 
hibited  strongly  by  both  prednisolone  and  anecortave  in  both 
wild-type  and  GR(dim/dim)  mice.  In  contrast,  inflammatory 
transcripts  containing  both  GRE  and  NF-kB  promoter  ele¬ 
ments  were  inhibited  more  strongly  by  anecortave  compared 
with  prednisolone  in  wild-type  mice  (85.5%  inhibition  by 
anecortave;  50.8%  by  prednisolone),  and  this  differential  ac¬ 
tivity  was  lost  in  the  GR(dim/dim)  mice  (96%  inhibition  for 
both  prednisolone  and  anecortave).  These  data  suggest  that 
A-9,11  analogs  may  prove  to  be  more  effective  anti-inflam¬ 
matory  drugs  than  traditional  glucocorticoids,  because  they 
remove  some  or  all  of  the  steric  occlusion  between  GRE  and 
NF-kB  promoter  elements. 

The  dissociation  of  transrepression  from  transactivation  sug¬ 
gests  that  A-9,11  analogs  have  the  potential  for  replacing  cur¬ 
rent  glucocorticoid  drugs.  Our  data  suggest  that  the  analogs 
bind  GR  and  induce  nuclear  translocation  and  transrepressive 
activities  independent  of  dimer  formation  but  do  not  permit 
binding  to  GRE  elements  in  gene  promoters  (transactivation). 
We  suggest  that  future  optimized  lead  compounds  could  be 
selected  based  upon  GR  translocation  and  NF-kB  inhibition, 
with  reduced  cross-reaction  to  other  nuclear  hormone  receptors. 
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Abstract 

Asthma  is  a  chronic  inflammatory  condition  of  the  lower  respiratory  tract  associated  with  airway  hyperreactivity  and  mucus 
obstruction  in  which  a  majority  of  cases  are  due  to  an  allergic  response  to  environmental  allergens.  Glucocorticoids  such  as 
prednisone  have  been  standard  treatment  for  many  inflammatory  diseases  for  the  past  60  years.  However,  despite  their 
effectiveness,  long-term  treatment  is  often  limited  by  adverse  side  effects  believed  to  be  caused  by  glucocorticoid  receptor- 
mediated  gene  transcription.  This  has  led  to  the  pursuit  of  compounds  that  retain  the  anti-inflammatory  properties  yet  lack 
the  adverse  side  effects  associated  with  traditional  glucocorticoids.  We  have  developed  a  novel  series  of  steroidal  analogues 
(VBP  compounds)  that  have  been  previously  shown  to  maintain  anti-inflammatory  properties  such  as  NFicB-inhibition 
without  inducing  glucocorticoid  receptor-mediated  gene  transcription.  This  study  was  undertaken  to  determine  the 
effectiveness  of  the  lead  compound,  VBP15,  in  a  mouse  model  of  allergic  lung  inflammation.  We  show  that  VBP15  is  as 
effective  as  the  traditional  glucocorticoid,  prednisolone,  at  reducing  three  major  hallmarks  of  lung  inflammation — NFkB 
activity,  leukocyte  degranulation,  and  pro-inflammatory  cytokine  release  from  human  bronchial  epithelial  cells  obtained 
from  patients  with  asthma.  Moreover,  we  found  that  VBP15  is  capable  of  reducing  inflammation  of  the  lung  in  vivo  to  an 
extent  similar  to  that  of  prednisone.  We  found  that  prednisolone-but  not  VBP15  shortens  the  tibia  in  mice  upon  a  5  week 
treatment  regimen  suggesting  effective  dissociation  of  side  effects  from  efficacy.  These  findings  suggest  that  VBP15  may 
represent  a  potent  and  safer  alternative  to  traditional  glucocorticoids  in  the  treatment  of  asthma  and  other  inflammatory 
diseases. 
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Introduction 

Asthma  is  a  chronic  multi-factorial  disorder  characterized  by 
airway  inflammation,  hyper-responsiveness  and  mucus  hyperse¬ 
cretion,  which  reflects  remodeling  of  the  airway  epithelium  and  of 
the  underlying  basal  lamina  [1,2].  Asthma  is  one  of  the  most 
common  airway  inflammatory  disorders  and  its  incidence  contin¬ 
ues  to  increase  in  the  United  States  [3].  The  majority  of  asthma 
cases  are  mediated  by  an  allergic  response  to  environmental 
allergens,  which  results  in  degranulation  of  leukocytes  such  as 
eosinophils  and  mast  cells  [4, 5, 6, 7, 8, 9],  bronchoconstriction, 


smooth  muscle  contraction,  airway  inflammation  and  mucus 
overproduction  [10].  In  addition,  the  asthmatic  epithelium  is 
inherently  inflammogenic  and  upon  injury  (e.g.  tobacco  smoke, 
viral  exposure,  mechanical  wounding)  can  release  pro-inflamma¬ 
tory  cytokines  in  the  absence  of  inflammatory  cells 
[11,12,13,14,15,16]. 

Glucocorticoids  are  among  the  most  prescribed  drugs  for 
therapeutic  management  of  a  wide  variety  of  acute  and  chronic 
inflammatory  conditions  including  lupus,  myositis,  rheumatoid 
arthritis,  muscular  dystrophy,  and  asthma  [17,18,19,20].  Despite 
their  effectiveness,  long-term  treatment  with  glucocorticoids  is 
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Figure  1 .  Structure  of  VBP1 5  and  schematic  of  the  OVA-induced  model  of  acute  allergic  lung  inflammation.  (A)  Chemical  structures  of 
prednisone  (left  panel),  prednisolone  (mid  panel),  and  VBP15  (right  panel).  VBP  compounds  include  a  delta-9,11  double  bond  and  tail  group 
modifications.  (B)  Diagram  of  OVA-induced  mouse  model  of  allergic  lung  inflammation. 
doi:1 0.1 371/journal.pone.0063871  .g001 


limited  by  severe  side  effects  including  glaucoma,  adrenal 
insufficiency,  osteoporosis,  cardiomyopathies,  short  stature,  and 
mood  or  sleep  disturbances  [21,22,23,24,25].  In  children  with 
persistent  asthma,  inhaled  glucocorticoids  reduce  growth  during 
the  first  few  years  of  therapy  and  height  reduction  persists 
throughout  adulthood  [26,27]. 

The  beneficial  anti-inflammatory  properties  of  glucocorticoids 
are  due  to  multiple  mechanisms  [28].  Many  occur  shortly  (<30 
minutes)  after  glucocorticoid  exposure.  For  example,  glucocorti¬ 
coids  can  inhibit  inflammatory  transcription  factors  such  as  NFkB 
and  AP-1  via  protein-protein  signaling  activity,  resulting  in 
decreased  production  of  pro-inflammatory  cytokines 
[29,30,31,32].  Furthermore,  glucocorticoids,  acting  via  a  non- 
genomic  mechanism,  can  insert  into  cellular  lipid  bilayers  and 
exert  a  biophysical  effect  on  plasma  membranes,  affecting  their 
structure  and  function,  thus  promoting  membrane  stability  and 
even  reducing  cellular  degranulation  [33,34,35].  However,  the 
most  well-described  mechanism  of  glucocorticoid  action  involves 
ligand  binding  to  the  cytoplasmic  soluble  glucocorticoid  receptor 
(GR)  to  induce  nuclear  translocation  of  the  ligand-receptor 
complex,  which  then  interacts  with  glucocorticoid  response 
elements  (GREs)  in  the  promoter  regions  of  target  genes,  affecting 
transcription  [36].  An  increasing  body  of  literature  suggests  that 
this  transcriptional  pathway  is  responsible  for  many  of  the  adverse 
side  effects  associated  with  long-term  glucocorticoid  use 
[37,38,39]. 

Thus,  a  compound  that  maintains  the  beneficial  anti-inflam¬ 
matory  properties  of  glucocorticoids  but  lacks  the  GRE-mediated 
transcriptional  capabilities  would  represent  an  improved  thera¬ 
peutic  option  for  patients  suffering  from  inflammatory  diseases. 
The  potential  for  such  a  compound  has  not  been  well  evaluated 
with  regard  to  lung  inflammation,  although  inhaled  glucocorti¬ 


coids  contribute  to  systemic  side-effects,  and  there  is  increasing 
concern  about  their  safety  for  treatment  of  asthma  in  infants  and 
young  children  [40,41].  Therefore,  we  evaluated  the  effectiveness 
of  VBP  1 5  [42] ,  the  newly-identified  lead  compound  selected  from 
a  previously  described  series  of  A9,ll  glucocorticoid  analogues 
[43] ,  in  a  murine  model  of  acute  allergic  lung  inflammation  and  in 
differentiated  human  bronchial  epithelial  (HBE)  cells  obtained 
from  patients  diagnosed  with  asthma.  Additionally,  we  assessed  the 
potential  of  long-term  VBP  1 5  treatment  to  inhibit  bone  growth  in 
vivo  as  a  means  of  evaluating  its  ability  to  avoid  detrimental 
glucocorticoid-related  side-effects. 

Materials  and  Methods 

Ethics  Statement 

All  animal  work  was  conducted  according  to  relevant  national 
and  international  guidelines. 

Animals 

For  in  vivo  OVA-induced  lung  inflammation  studies,  female 
BALB/ c  mice  at  6  weeks  of  age  were  purchased  from  Jackson 
Laboratories  (Bar  Harbor,  Maine).  For  bone  growth  studies, 
timed-pregnant  outbred  CD-I  mice  (el 9)  were  purchased  from 
Charles  River  Laboratories  (Frederick,  MD)  and  the  male  progeny 
were  used  for  the  experiment.  All  studies  were  reviewed  and 
approved  by  the  Institutional  Animal  Care  and  Use  Committees  at 
The  George  Washington  University  Medical  Center  and  Chil¬ 
dren’s  National  Medical  Center. 

OVA-induced  Model  of  Acute  Allergic  Lung  Inflammation 

The  lung  inflammation  model  used  in  the  current  studies  has 
been  previously  described  [44,45].  Briefly,  mice  were  primed  via 
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Figure  2.  VBP15  reduces  leukocyte  infiltration  in  the  OVA-induced  model  of  acute  allergic  lung  inflammation.  OVA-challenged  mice 
were  either  left  untreated  or  treated  with  oral  doses  of  prednisone,  VBP15  (20  mg/kg),  or  cherry  syrup  alone  daily  for  6  days.  A  group  of  non- 
challenged  mice  (naive)  was  included  in  order  to  assess  basal  inflammatory  parameters.  Lung  tissue  and  BAL  cells  underwent  FACS  analysis  to 
determine  the  number  of  infiltrating  eosinophils  (A  and  C)  and  effector/memory  CD4+T  cells  (B  and  D).  Bar  graphs  represent  mean  (±SE)  cell 
numbers.  Percentages  indicate  percentage  reduction  compared  to  vehicle  control.  *p< 0.05;  **p< 0.01;  ***p<. 001  compared  to  syrup  group  with 
n  =  5  mice  per  group. 
doi:1 0.1 371/journal.pone.0063871  .g002 


intraperitoneal  (i.p.)  injection  with  50  jig  of  ovalbumin  (OVA)  in 
PBS  with  100  pi  of  alum  (200  pi  total  volume  per  mouse)  on  day  0. 
OVA-primed  mice  were  challenged  under  light  anesthesia 
(isoflurane)  by  intranasal  delivery  of  100  pg  of  OVA  in  PBS  on 
days  7-10.  Mice  were  sacrificed  via  C02  exposure  on  day  12  for 
analysis.  For  in  vino  intervention  studies,  mice  (n  =  5)  received  an 
oral  dose  of  20  mg/kg  VBP-15  suspended  in  cherry  syrup  (30  pi 
total  volume)  on  days  6—11.  Additional  groups  of  mice  (n  =  5) 
received  5  mg/kg  of  prednisone  in  cherry  syrup  as  a  positive 
control,  or  cherry  syrup  alone  as  a  negative  control.  Following 
sacrifice  on  day  12,  leukocytes  were  collected  from  the  airways  via 
bronchoalveolar  lavage  (BAL).  For  this  procedure,  a  cannula  was 
inserted  into  the  trachea  and  two  1  ml  washes  of  cold  PBS  were 
infused  in  and  out  of  the  airways.  BAL  fluid  from  individual  mice 
was  then  centrifuged  and  supernatants  were  stored  at  —  80°C  for 
cytokine  analysis.  Following  BAL,  whole  lungs  were  perfused  via 
the  right  ventricle  with  20  ml  of  cold  PBS.  For  some  experiments 
the  lungs  were  then  removed,  chopped,  and  pushed  through  a 
metal  strainer  to  generate  single-cell  suspensions.  BAL  and  lung 
tissue  cells  were  treated  with  ammonium  chloride  lysis  buffer  to 
remove  red  blood  cells.  The  remaining  leukocytes  were  then 
counted  and  stained  for  FAGS  analysis  with  a  combination  of  PE- 
Cy5 -anti-mouse  CD4  and  FITG-anti-mouse  CD62L  to  identify 
effector/memory  CD4+  cells  (CD4+/CD62L_).  Populations  of 
eosinophils  were  identified  using  forward  scatter/side  scatter 
distribution,  as  previously  described  [44].  For  studies  addressing 
lung  histopathology,  1  ml  of  10%  formalin  was  infused  into  the 


trachea  following  lung  perfusion,  and  suture  thread  was  used  to  tie 
off  the  inflated  lungs.  Fixed  lungs  were  sent  in  70%  ethanol  to 
Histoserv  Inc.  (Germantown,  MD)  for  processing  and  staining 
with  hematoxylin  and  eosin  (H&E)  and  periodic  acid  Schiff  (PAS). 
The  frequency  of  PAS-positive  airways  was  determined  in  a 
blinded  manner  by  separately  counting  total  airways  and  PAS- 
positive  airways  in  each  section  via  bright  field  microscopy. 

NFkB  Inhibition  Assay 

The  NFkB  inhibition  assay  was  modified  from  a  previously 
described  protocol  [46].  Briefly,  A549  epithelial  cells  (Panomics, 
Fremont,  CA)  stably  transfected  with  a  luciferase  reporter 
construct  regulated  under  NFkB  response  elements  were  grown 
in  75  mm2  flasks  according  to  the  manufacturer’s  instructions  and 
transferred  to  96-well  plates  upon  reaching  confluency.  Once 
confluent,  cells  were  serum  starved  for  48  hours  and  subsequently 
treated  for  2  hours  with  increasing  doses  of  VBP15,  prednisolone 
(the  active  form  of  prednisone),  or  DMSO  in  serum-free  medium 
at  37°C.  Following  treatment,  cells  were  washed  twice  with  PBS 
and  exposed  to  TNF-oc  (100  ng/ml)  for  6  hours  in  serum-free 
medium  at  37°C.  Cells  were  then  washed  once  with  PBS  and  lysed 
with  lysis  buffer  (Promega  Corp,  Madison,  WI)  in  order  to 
measure  luciferase  activity  with  the  Centro  LB  960  luminometer 
(Berthold  Technologies,  GmbH  &  Co,  Bad  Wildbad,  Germany). 
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Figure  3.  VBP15  reduces  acute  allergic  lung  inflammation.  OVA-challenged  mice  were  either  left  untreated  or  treated  with  oral  doses  of 
prednisone,  VBP15  (20  mg/kg),  or  cherry  syrup  alone  daily  for  6  days.  A  group  of  non-challenged  mice  (naive)  was  included  in  order  to  assess  basal 
inflammatory  parameters.  Perfused  whole  lungs  were  processed  for  histological  analysis  and  stained  with  H&E  (A)  or  PAS  (B).  Images  (lOx 
magnification)  represent  areas  of  tissue  surrounding  bronchioles.  Arrows  on  H&E  sections  indicate  inflammatory  foci.  Percentage  of  PAS  positive 
airways  were  counted  via  bright  field  microscopy  (C).  Bar  graph  represents  mean  (±SE)%  PAS  positive  airways.  *p<. 05;  **p< 0.01  compared  to  the 
vehicle  control  group  with  n  =  5  mice  per  group.  IL-13  (D)  and  RANTES  (E)  were  measured  in  BAL  fluid  by  flow  cytometric  bead  array.  Bar  graphs 
represent  mean  (±SE)  cytokine  concentration  values.  *p<. 05;  **p<0.01  compared  to  syrup  group  with  n  =  5  mice  per  group. 
doi:1 0.1 371/journal. pone.0063871  .g003 


Human  Bronchial  Epithelial  Cell  Culture 

Primary  differentiated  human  bronchial  epithelial  (HBE)  cells 
obtained  from  human  asthma  patients  (n  =  3)  cultured  in  12-well 
plates  on  collagen-coated  Transwell  membrane  inserts  at  an  air- 
liquid  interface  were  obtained  commercially  (^AIR-606-Asthma; 
MatTek  Corporation,  Ashland,  MA).  Upon  arrival,  cells  were 
washed  in  PBS,  placed  in  proprietary  medium  provided  by  the 
manufacturer,  and  cultured  for  16  hours  at  37°C  and  5%  C02 


after  which  medium  was  replaced  with  identical  medium  lacking 
epidermal  growth  factor  (EGF)  and  glucocorticoids.  Cells  were 
maintained  under  these  conditions  for  an  additional  22  hours 
before  being  pulse-treated  at  the  basolateral  surface  for  2  hours 
with  VBP-15  (IOjiM)  or  vehicle  control  (DMSO).  Following 
pulsing,  cells  were  placed  in  EGF/glucocorticoid-free  medium, 
and  24  hours  later,  were  pulse-treated  again  for  2  hours. 
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Figure  4.  VBP15  inhibits  NFkB  activity.  A549  cells  stably- 
transfected  with  a  luciferase  NFkB  construct  were  exposed  to  increasing 
concentrations  of  VBP15  or  prednisolone  (3,  30,  300,  3000  nM)  followed 
by  TNFa  stimulation  before  measuring  luciferase  activity.  Bar  graph 
represents  mean  (±SE)  luciferase  units.  *p<. 012  (due  to  the  Bonferroni 
adjustment  for  multiple  comparisons)  compared  to  treatment  with 
vehicle  control.  Data  represents  4  biological  replicates  with  assay 
performed  in  triplicate. 
doi:1 0.1 371/journal.pone.0063871  .g004 

Basolateral  supernatant  was  removed  and  stored  at  —  80°C  for 
cytokine  analysis. 

Measurement  of  Cytokines 

BAL  fluids  from  individual  mice  were  concentrated  4-fold  using 
3-kDa  cut-off  Centricon  columns  (Millipore,  Billerica,  MA). 
Cytokines  from  BAL  fluid  and  HBE  supernatants  were  measured 
via  cytometric  bead  assays  (EBioscience,  San  Diego,  CA) 
according  to  the  manufacturer’s  protocol. 

RBL-2H3  Degranulation  Assay 

(3-hexosaminidase  release  was  used  as  an  index  of  degranula¬ 
tion.  Initially,  RBL-2H3  cells  (ATCC,  Manassas,  VA)  were  plated 
in  24-well  tissue  culture  plates  in  growth  media  consisting  of 
Dulbecco’s  Modified  Eagle’s  Medium  (DMEM),  10%  FBS,  and 
1%  penicillin-streptomycin.  Cells  were  sensitized  overnight  with 
1  jig/ ml  of  anti-dinitrophenol  (DNP)  clone  SPE-7  (Sigma-Aldrich, 
St.  Louis,  MO)  at  37°C  in  growth  media.  Following  sensitization, 
cells  were  washed  with  PBS,  and  Earl’s  Balanced  Salt  Solution 
(EBSS)  (Invitrogen,  Carlsbad,  CA)+2.5%  BSA  was  added  to  each 
well.  Cells  were  then  treated  with  VBP-15  (50  JiM),  prednisolone 
(50  JiM),  or  an  equal  volume  of  DMSO  for  7  minutes  at  37°C. 
Subsequently,  DNP-BSA  (Sigma-Aldrich)  at  a  concentration  of 
1 0  Jig/ ml  was  added  to  each  well,  and  cells  were  incubated  for  an 
additional  20  minutes  at  37°C.  A  well  of  untreated  cells  was  lysed 
using  0.05%  Triton-X-100  as  a  means  of  gauging  total  (3- 
hexosamindase  content.  Supernatants  and  lysates  were  added  to  a 
96-well  plate  (20  jil/well)  and  (3-hexosaminidase  substrate,  p- 
nitrophenyl  N-acetyl-beta-D-glucosamine  (Sigma-Aldrich)  in 
0.05  M  citrate  buffer  was  added  at  a  concentration  of  1  mM  in 
a  volume  of  20  pi  to  each  well.  EBSS+BSA  and  lysis  buffer  were 
also  included  on  the  plate  as  blank  controls.  The  96-well  plate  was 
incubated  for  45  minutes  at  37°C.  Following  incubation,  160  pi  of 
sodium  carbonate  buffer  (0.05  M)  was  added  to  each  well  to  stop 
the  reaction.  The  absorbance  from  each  well  was  read  at  405  nm 
using  a  microplate  reader  (Molecular  Devices,  Sunnyvale,  CA).  (3- 
hexosaminidase  release  percentages  were  determined  using  the 
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Figure  5.  VBP15  reduces  leukocyte  degranulation.  Anti-DNP- 
sensitized  RBL-2H3  cells  were  treated  with  prednisolone  (50  pM),  VBP- 
15  (50  pM),  or  vehicle  control  (DMSO)  for  7  minutes  followed  by 
addition  of  DNP  to  induce  degranulation.  The  reaction  was  allowed  to 
proceed  for  an  additional  20  minutes  before  supernatant  was  removed 
and  tested  for  (3-hexosaminidase  content.  A  well  of  untreated  cells  was 
lysed  to  gauge  total  (3-hexosamindase  content.  Release  percentage  was 
determined  using  a  formula  described  in  Materials  and  Methods.  Bar 
graph  represents  mean  (±SE)  release  percentage.  **p<0.01  compared 
to  vehicle  control.  Data  represents  3  biological  replicates  with  assay 
performed  in  triplicate.  N.S.  =  Not  statistically  significant. 
doi:1 0.1 371/journal. pone.0063871  .g005 

following  formula:  %  =  (Supernatant-blank) /(Total-blank)  X  100. 
This  assay  was  conducted  in  triplicate. 

Assessment  of  in  vivo  bone  growth 

Male  outbred  CD-I  mice  (12  days  of  age)  were  treated  orally 
with  VBP15,  prednisolone,  or  vehicle  control  (cherry  syrup)  daily 
for  5  weeks  after  which  mice  were  sacrificed  via  C02  and  tibias 
were  removed.  Tibia  lengths  were  measured  via  electronic  caliper, 
with  n=  10  mice/treatment  group. 

Statistical  Analysis 

For  most  experiments,  statistical  significance  was  established 
using  one-way  ANOVA  with  post-hoc  Tukey’s  test.  For  the  NFkB 
inhibition  experiment  a  one-way  ANOVA  with  Bonferroni’s  post- 
hoc  test  was  used.  For  HBE  cell  cytokine  analysis,  statistical 
significance  was  established  by  Student’s  T-test.  All  analyses  were 
performed  using  Graphpad  Prism  software. 

Results 

VBP15  reduces  lung  inflammation  in  a  murine  model  of 
allergic  lung  inflammation 

VBP  compounds,  in  contrast  to  prednisone  and  prednisolone, 
contain  a  delta  9,11  bond  (Figure  1A)  that  abolishes  GRE- 
mediated  gene  transcription  [43,47].  In  the  current  studies  we 
wanted  to  determine  if  our  lead  compound,  VBP  15,  would  retain 
similar  anti-inflammatory  efficacy  compared  to  prednisone  in  the 
widely  used  OVA-induced  mouse  model  of  allergic  lung  inflam¬ 
mation  (Figure  IB).  After  a  6-day  oral  dosing  regimen  of  VBP15, 
we  observed  a  significant  reduction  similar  to  that  of  prednisone  in 
the  number  of  infiltrating  eosinophils  (55%  reduction  compared  to 
vehicle  control)  (Figure  2 A),  as  well  as,  effector/memory  GD4+T 
cells  (55%  reduction)  (Figure  2B)  into  the  lung  tissue  of  OVA- 
exposed  and  challenged  mice.  These  changes  in  the  lung  were  also 
reflected  in  the  airways  as  there  was  a  striking  decrease  in  the 
presence  of  eosinophils  (58%  reduction)  and  CD4+  cells  (52% 
reduction)  in  the  BAL  fluid  (Figure  2C  and  D).  Additionally,  lung 
tissue  sections  stained  with  H&E  to  assess  inflammatory  pathology 
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Figure  6.  VBP15  reduces  basolateral  cytokine  secretion  from  human  bronchial  epithelial  cells  obtained  from  asthmatic  patients. 

HBE  cells  from  3  separate  human  donors  were  pulse-treated  with  VBP15  (10  pM)  or  vehicle  control  (DMSO).  Basolateral  surface  supernatant  was 
tested  for  the  presence  of  TGF(31  (left  panel)  and  IL-13  (right  panel)  by  flow  cytometric  bead  array.  Bar  graphs  represent  mean  (±SE)  concentration 
values.  **,  p<0.01  compared  to  vehicle  control  with  n  =  3  donors.  N.D.  =  Not  Detectible  (lower  limit  of  detection  =  4.5  pg/ml). 
doi:1 0.1 371/journal.pone.0063871  .g006 
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and  PAS  to  assess  for  mucus  overproduction/hypersecretion 
displayed  a  striking  reduction  in  the  presence  of  inflammatory 
foci  and  PAS-positive  airways  in  VBP15-treated  mice  compared  to 
mice  treated  with  control  cherry  syrup  alone  (Figure  3 A  and  3B). 
VBP15  treatment  induced  a  reduction  in  the  percentage  of  PAS- 
positive  airways  that  was  comparable  to  that  observed  in  tissue 
sections  of  prednisone-treated  mice  (Figure  3C).  Furthermore, 
cytokine  analysis  of  BAL  fluid  from  both  prednisone  and  VBP- 
treated  mice  demonstrated  significant  decreases  in  the  inflamma¬ 
tory  cytokine,  IL-13  (50%  reduction),  and  the  T-cell  chemokine, 
RANTES  (81%  reduction)  (Figure  3D  and  3E).  These  findings 
indicate  that  VBP15  is  capable  of  reducing  lung  inflammation  in 
vivo  with  a  similar  potency  to  that  mediated  by  traditional 
glucocorticoids. 
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Figure  7.  VBP15  does  not  induce  tibia  length  shortening. 

Wildtype  outbred  CD1  mice  were  treated  daily  for  5  weeks  with  VBP15 
(30  and  45  mg/kg),  prednisolone  (10  mg/kg)  or  vehicle  control  starting 
at  12  days  of  age.  At  the  end  of  the  treatment,  tibias  were  harvested 
and  measured.  Bar  graph  represents  mean  (±SE)  tibia  length  values. 
*p<0.05  compared  to  vehicle  control  with  n  =  10  mice/group. 
doi:1 0.1 371/journal.pone.0063871  .g007 


VBP15  reduces  NFkB  activity 

Previous  studies  have  shown  that  glucocorticoids  can  inhibit  the 
activity  of  the  pro-inflammatory  transcription  factor,  NFkB, 
through  a  GRE-independent  mechanism  [47].  Thus,  we  deter¬ 
mined  whether  VBP15  had  the  capacity  to  inhibit  TNFot-induced 
NFkB  expression  in  lung-epithelial  cells  to  a  similar  extent  as 
traditional  glucocorticoids.  To  accomplish  this,  we  made  use  of  a 
TNF-ot  induced  luciferase  NFkB  construct  stably- transfected  into 
A549  human  lung  epithelial  cells.  Interestingly,  after  pre-treating 
A549  cells  with  VBP15,  we  found  that  it  had  the  capacity  to 
reduce  NFkB  activity  in  a  dose-response  manner  to  a  similar 
extent  (56%  reduction)  to  that  observed  with  prednisolone,  the 
active  form  of  prednisone  (Figure  4).  Cell  viability  analysis  via 
MTT  assay  revealed  no  significant  differences  between  treatment 
groups  (data  not  shown). 

VBP15  reduces  leukocyte  degranulation 

Glucocorticoids  have  been  shown  to  prevent  degranulation  of 
mast  cells  in  a  guinea  pig  model  of  allergic  lung  inflammation  via  a 
non-genomic  mechanism  possibly  involving  stabilization  of  the 
plasma  membrane  [34].  We  wondered  if  VBP15  would  likewise 
inhibit  leukocyte  degranulation.  We  addressed  this  question  using 
the  RBL-2H3  cell  line,  which  has  been  extensively  used  for 
studying  cellular  degranulation.  We  observed  that  VBP15 
significantly  inhibited  the  release  of  (3-hexosaminidase  (51% 
reduction),  a  marker  for  cell  degranulation,  to  an  extent  similar 
to  that  mediated  by  prednisolone  (Figure  5).  This  finding  supports 
the  hypothesis  that  VBP15  is  as  effective  as  a  traditional 
glucocorticoid  at  inhibiting  cell  degranulation,  a  well-described 
mechanism  involved  in  the  pathogenesis  of  allergic  lung  inflam¬ 
mation. 

VBP15  reduces  inflammatory  cytokine  secretion  from 
human  epithelial  cells 

We  next  determined  if  VBP15  had  an  inhibitory  effect  on 
basolateral  cytokine  secretion  in  inflammatory  epithelial  cells  from 
human  bronchial  epithelial  cells  (HBE)  obtained  from  patients 
diagnosed  with  asthma,  as  we  previously  demonstrated  with 
dexamethasone,  a  classical  glucocorticoid  [12].  After  two  short 
pulse  treatments  with  VBP15,  the  basolateral  secretion  of  TGFB1 
and  IL-13  from  HBE  cells  was  almost  completely  inhibited  (87% 
and  100%,  respectively)  (Figure  6).  Since  epithelial  cells  isolated 
from  asthma  patients  have  been  shown  to  release  inflammatory 
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cytokines  in  the  absence  of  immune  cells,  this  finding  suggests  that 
VBP15  is  effective  at  targeting  non-allergy-related  mechanisms  as 
well. 

VBP15  does  not  affect  bone  growth  in  vivo 

One  major  known  long  term  side-effect  of  glucocorticoids  is  the 
detrimental  effect  on  bone  growth.  Thus,  we  determined  whether 
or  not  extended  VBP15  treatment  could  result  in  decreased  bone 
growth  by  treating  young  mice  (aged  12  days  of  age)  daily  for  5 
weeks.  We  found  that,  contrary  to  mice  treated  with  prednisolone, 
mice  receiving  VBP15  did  not  display  significant  tibia  length 
shortening  (Figure  7).  Interestingly,  we  observed  that  doses  of 
VBP 1 5  four  times  higher  than  that  of  prednisolone  did  not  result 
in  any  shortening  of  the  tibia. 

Discussion 

Asthma  is  a  chronic  inflammatory  disease  that  affects  over  300 
million  people  worldwide  in  which  the  majority  of  cases  are 
associated  with  an  allergic  response  [48].  For  the  past  60  years, 
glucocorticoids  have  remained  the  standard  of  care  for  chronic,  as 
well  as  acute  asthma.  Despite  their  effectiveness,  severe  side  effects 
such  as  osteoporosis,  cardiomyopathies,  and  glaucoma  limit  long¬ 
term  use  [21,22,23,24,25,26,27,47,49].  Since  these  detrimental 
effects  are  attributed  to  GRE-mediated  gene  transcription  [50],  we 
developed  a  series  of  steroidal  analogues  (VBP  compounds)  that 
lack  the  GRE-mediated  transcriptional  properties  of  traditional 
glucocorticoids  but  retain  similar  anti-inflammatory  potential  [43] . 
Therefore,  we  hypothesized  that  our  lead  VBP  compound,  VBP  15 
[42],  when  benchmarked  against  traditional  glucocorticoids, 
would  be  just  as  effective  in  terms  of  its  ability  to  reduce  acute 
allergic  lung  inflammation  in  vivo. 

Using  an  acute  mouse  model  of  allergic  lung  inflammation,  we 
show  that  VBP  15  is  as  effective  as  prednisone  at  reducing 
parameters  of  in  vivo  inflammation  including  leukocyte  (eosinophils 
and  CD4+  T  cells)  infiltration,  tissue  pathology,  and  mucus 
overproduction.  In  vitro ,  VBP  15  was  able  to  inhibit  NFkB  activity 
in  lung  epithelial  cells  to  a  similar  degree  to  that  seen  with 
prednisolone  (the  active  form  of  prednisone).  Interestingly,  we 
observed  in  vivo  that  both  IL-13  and  RANTES,  two  cytokines 
regulated  by  NFkB  [51,52]  that  also  promote  respective  eosinophil 
and  CD4+  T  cell  recruitment,  were  found  to  be  reduced  in  the 
airways  of  VBP  15  treated  mice.  Moreover,  IL-13  is  a  known 
inducer  of  goblet  cell  metaplasia  and  mucus  overproduction 
[53,54]  which  was  strikingly  decreased  in  lungs  of  mice  that  were 
treated  with  VBP  15.  A  well-documented  anti-inflammatory  effect 
of  traditional  glucocorticoids  is  that  they  inhibit  the  degranulation 
of  leukocytes  via  non-genomic  and  non-GRE-related  mechanisms 
[34].  We  observed  that  VBP  15  was  capable  of  reducing  leukocyte 
cell  degranulation  to  a  similar  degree  to  that  seen  with 
prednisolone.  Since  RANTES  and  IL-13  are  two  products  known 
to  be  released  by  degranulating  leukocytes  [55,56]  and  are 
reduced  in  our  in  vivo  studies,  we  believe  that  this  is  an  additional 
mechanism  whereby  VBP  15  exerts  an  anti-inflammatory  effect 
within  the  context  of  acute  allergic  lung  inflammation.  It  is 
important  to  note  that  conventional  steroids  may  induce  beneficial 
anti-inflammatory  effects  via  their  ability  to  cause  GRE-mediated 
transcription.  An  example  of  this  includes  glucocorticoid-induced 
GRE-mediated  production  of  IL-10  [57,58,59],  a  cytokine  which 
has  been  shown  to  reduce  allergic  lung  inflammation  in  mice  [60] . 
However,  despite  lacking  the  ability  to  induce  GRE-mediated 
transcription  and  potential  IL-10  production,  VBP  15  still  has  the 
capacity  to  reduce  allergic  lung  inflammation  to  a  degree  similar  to 


that  of  conventional  steroids.  Mechanistic  studies  are  currently 
underway  addressing  the  effect  of  VBP  15  on  GR  translocation  and 
how  it  may  affect  a  potential  GR-NFkB  protein  interaction. 
Furthermore,  we  are  planning  on  investigating  how  lung  cells 
grown  in  hormone-depleted  media  respond  to  VBP  1 5  treatment  in 
vitro. 

A  major  long  term  side-effect  of  glucocorticoids  is  their 
detrimental  effect  on  bone  growth,  especially  in  children  with 
asthma.  Our  data  show  that  daily  treatment  of  young  mice  with 
VBP  15  at  doses  as  high  as  45  mg/kg  does  not  inhibit  bone  growth 
of  the  tibia,  in  contrast  to  prednisolone.  Doses  of  20  mg/kg  were 
shown  to  be  anti-inflammatory  in  the  OVA-induced  mouse  model 
of  lung  inflammation  used  in  the  current  study,  which  mediates 
acute  allergic  responses.  While  similar  acute  responses  are  seen  in 
human  asthmatic  patients  during  exacerbations,  the  human 
disease  is  predominantly  chronic.  Indeed,  the  acute  in  vivo  model 
used  in  this  study  has  some  limitations.  For  example,  in  contrast  to 
the  human  disease,  airway  remodeling  changes  accompanied  by 
collagen  deposition  and  fibrosis  are  not  observed  in  this  model. 
However,  these  changes  are  observed  in  a  chronic  model  of 
allergic  lung  inflammation  [61].  Studies  to  establish  the  potential 
efficacy  of  VBP  compounds  using  this  chronic  model  are  currently 
underway.  These  studies  will  also  enable  us  to  assess  in  vivo  the 
absence  or  presence  of  additional  negative  side  effects  traditionally 
seen  with  long-term  use  of  glucocorticoids  in  chronic  asthma. 

The  pathogenesis  of  asthma  is  complex  and  heterogeneous. 
While  allergy  and  the  immune  response  are  known  to  trigger  a 
majority  of  asthma  cases  [5,6,9],  other  mechanisms  of  pathogen¬ 
esis  have  been  described.  For  example,  a  recent  study  demon¬ 
strates  that  HBE  cells  of  asthmatic  patients  possess  intrinsic 
inflammatory  properties  and  have  the  capacity  to  release  pro- 
inflammatory  cytokines  including  IL-13  and  TGF(3l  from  their 
basolateral  surface  without  any  contribution  from  immune  cells. 
Interestingly,  exposure  of  HBE  cells  to  pulse-treatment  of 
traditional  glucocorticoids  was  able  to  significantly  reduce 
basolateral  secretion  of  both  IL-13  and  TGF(3l  [12].  We 
demonstrate  in  the  current  study  that  VBP  compounds  were  able 
to  almost  completely  eliminate  basolateral  secretion  of  IL- 1 3  and 
TGF(3l  from  HBE  cells  that  were  obtained  from  asthma  patients, 
suggesting  that  these  compounds  may  inhibit  pathogenic  mech¬ 
anisms  in  addition  to  those  associated  with  allergy.  Ongoing  work 
is  currently  in  progress  aimed  at  further  characterizing  the 
function  of  these  cells  in  response  to  VBP  15  treatment.  A  bulk 
of  the  non-steroidal  treatment  options  in  the  clinic  revolves  around 
targeting  the  allergic  response  as  a  means  of  treating  asthma  (e.g. 
mast  cell  stabilizers) [62,63].  Since  VBP  15  may  treat  multiple 
mechanisms  of  asthma,  and  since  they  potentially  lack  the  adverse 
glucocorticoid  side  effects,  we  believe  that  this  compound  may 
represent  an  efficacious  and  safer  alternative  to  traditional 
glucocorticoids  in  the  treatment  of  asthma  and  other  inflammatory 
diseases. 
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Absence  of  dystrophin  makes  skeletal  muscle  more  susceptible  to  injury, 
resulting  in  breaches  of  the  plasma  membrane  and  chronic  inflammation  in 
Duchenne  muscular  dystrophy  (DMD).  Current  management  by  glucocorticoids 
has  unclear  molecular  benefits  and  harsh  side  effects.  It  is  uncertain  whether 
therapies  that  avoid  hormonal  stunting  of  growth  and  development,  and/or 
immunosuppression,  would  be  more  or  less  beneficial.  Here,  we  discover  an  oral 
drug  with  mechanisms  that  provide  efficacy  through  anti-inflammatory 
signaling  and  membrane-stabilizing  pathways,  independent  of  hormonal  or 
immunosuppressive  effects.  We  find  VBP15  protects  and  promotes  efficient 
repair  of  skeletal  muscle  cells  upon  laser  injury,  in  opposition  to  prednisolone. 
Potent  inhibition  of  NF-kB  is  mediated  through  protein  interactions  of  the 
glucocorticoid  receptor,  however  VBP15  shows  significantly  reduced  hormonal 
receptor  transcriptional  activity.  The  translation  of  these  drug  mechanisms  into 
DMD  model  mice  improves  muscle  strength,  live-imaging  and  pathology  through 
both  preventive  and  post-onset  intervention  regimens.  These  data  demonstrate 
successful  improvement  of  dystrophy  independent  of  hormonal,  growth,  or 
immunosuppressive  effects,  indicating  VBP15  merits  clinical  investigation  for 
DMD  and  would  benefit  other  chronic  inflammatory  diseases. 
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INTRODUCTION 

Contraction-induced  myo fibre  injury  and  inflammation  are 
characteristic  features  of  Duchenne  muscular  dystrophy 
(DMD),  a  fatal  genetic  muscle  disease.  We  and  others  have 
demonstrated  that  the  pro-inflammatory  transcription  factor  NF- 
kB  is  active  in  dystrophin  deficient  muscle  before  symptom  onset 
(Chen  et  al,  2005;  Porter  et  al,  2002,  2003).  Pharmacological 
glucocorticoids  (prednisone,  deflazacort)  are  standard  of  care  in 
DMD,  and  we  hypothesize  their  primary  mechanism  of  action  to 
be  through  anti-inflammatory  activities  via  NF-kB  pathways 
(Wissink  et  al,  1997).  However,  their  harsh  side  effects  in 
children  greatly  reduce  patient  adherence  to  glucocorticoid 
regimens  and  limit  their  therapeutic  window.  More  general 
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immunosuppressive  compounds  reduce  inflammation  in  DMD 
but  fail  to  increase  patient  strength  in  the  same  manner  as 
glucocorticoids  [Griggs  et  al,  1993;  Kissel  et  al,  1993),  while 
specific  targeting  of  NF-kB  increases  strength  in  animal  models 
[Grounds  &  Torrisi,  2004;  Peterson  et  al,  201 1) .  These  data  suggest 
that  the  specific  mechanism  by  which  glucocorticoids  inhibit 
NF-kB  is  of  particular  importance  to  DMD  treatment  efficacy. 
Therapeutics  that  target  this  pathway  in  the  absence  of  side  effects 
may  provide  a  substantial  improvement  in  the  treatment  of  DMD. 

At  the  cellular  level,  dystrophin  deficient  muscles  show 
increased  susceptibility  to  stretch-mediated  membrane  instabil¬ 
ity  and  calcium  dependent  hyper-contracture  [Bertorini 
et  al,  1982;  Yasuda  et  al,  2005),  as  well  as  increased  oxidative 
stress  [Disatnik  et  al,  1998;  Rando  et  al,  1998).  Glucocorticoids 
and  other  steroidal  compounds  are  multi-mechanistic;  in 
addition  to  binding  hormonal  receptors  they  can  interact  with 
the  plasma  membrane  to  exert  rapid  and  specific  physico¬ 
chemical  effects  [Buttgereit  et  al,  1999;  Lip  worth,  2000;  Rhen 
et  al,  2003;  Shivaji  &  Jagannadham,  1992) .  These  effects  can  alter 
membrane  fluidity,  vesicular  fusion  (Shivaji  &  Jagannadham, 
1992)  and  ionic  flux  (Buttgereit  et  al,  1999),  which  are  important 
for  resistance  to  and  repair  of  membrane  injury.  Recently, 
membrane  stabilizing  compounds  such  as  poloxamer  188 
(Spurney  et  al,  2011;  Townsend  et  al,  2010),  Mitsugumin  53 
(Burkin  &  Wuebbles,  2012;  Weisleder  et  al,  2012)  and  cromolyn 
sodium  (Granchelli  et  al,  1996;  Marques  et  al,  2008)  have 
shown  improvements  to  pathology,  myofibre  tension  and 
cardiopulmonary  function  in  dystrophin-deficient  mice  and 
dogs.  The  effects  of  glucocorticoids  on  membrane  stability, 
however,  have  not  been  reported. 

Because  glucocorticoids  act  through  multiple  mechanisms, 
it  has  been  unclear  and  controversial  which  molecular 
pathways  provide  efficacy  in  DMD  and  which  are  simply 
responsible  for  detrimental  effects.  For  example,  impaired 
growth  is  a  glucocorticoid  side  effect  for  children  with  asthma 
(Avioli,  1993;  Wolthers  &  Pedersen,  1990),  but  has  been 
proposed  as  a  pathway  of  efficacy  in  DMD  by  limiting  muscle 
workload  and  delaying  muscle  maturation  (Grounds  & 
Shavlakadze,  2011).  Further,  immunotoxic  effects  contribute 
to  reduced  chronic  inflammation,  but  recent  evidence  suggests 
ant-inflammatory  NF-kB  inhibition  may  be  sufficient  for  efficacy 
(Peterson  et  al,  2011).  It  is  clear,  however,  that  detrimental 
effects  of  glucocorticoids  currently  limit  their  application;  in 
DMD  neonatal  screening  is  not  performed,  and  glucocorticoid 
regimens  are  delayed  years  until  after  the  onset  of  fairly 
advanced  symptoms.  In  other  forms  of  muscular  dystrophy, 
glucocorticoids  are  avoided  altogether  because  the  net  balance  of 
positive  and  negative  effects  is  unclear.  By  investigating  the 
molecular  mechanisms  of  glucocorticoids,  we  have  developed 
VBP15  as  a  novel  oral  drug.  This  compound  is  optimized  for 
NF-kB  inhibition,  membrane  insertion  and  glucocorticoid 
receptor  (GR)  specificity.  Medicinal  chemistry,  however,  both 
eliminates  key  glucocorticoid  pathways  and  provides  novel 
properties.  Here,  we  present  the  discovery  and  mechanisms  of 
this  drug,  then  extensively  examine  efficacy  and  side  effects  in 
mdx  muscular  dystrophy  model  mice.  We  find  VBP15  has  novel 
membrane-stabilizing  and  immunological  properties,  and  shows 


potent  NF-kB  inhibition  and  substantially  reduced  hormonal 
effects.  To  capitalize  on  this  mechanism  profile,  which  targets 
multiple  pre-symptomatic  defects,  we  adopt  a  prophylactic 
regimen,  beginning  dosing  before  mdx  symptom  onset  in  a 
blinded  pre-clinical  trial.  This  strategy  would  be  analogous  to  a 
neonatal  screening,  preventive  regimen  in  the  clinic.  Another 
intervention  experiment  in  post-onset  adult  mdx  mice  shows 
repeatable  efficacy  in  a  different  stage  of  disease.  We  find  dose- 
response  improvements  with  successful  ablation  of  growth, 
bone  and  immunological  toxicities  seen  with  traditional 
glucocorticoids.  These  data  provide  new  insights  into  biological 
mechanisms  of  efficacy  versus  side  effects  in  DMD,  identify 
VBP15  as  a  novel  entity  that  warrants  clinical  investigation  for 
DMD,  and  show  therapeutic  potential  for  other  disorders  of 
chronic  inflammation  and  membrane  instability. 

RESULTS 

In  uitro  characterization  of  VBP15 

VBP15  was  selected  as  our  lead  compound  for  clinical 
development  from  a  screening  program  focused  on  A-9,11 
compounds.  This  A-9,11  class  is  differentiated  from  glucocorti¬ 
coids  by  the  key  conversion  of  a  hydroxyl  group  to  a  carbon- 
carbon  double  bond  (Fig  1).  Preliminary  studies  suggested  these 
drugs  had  potential  anti-inflammatory  effects  (Baudy  et  al,  2012) 
but  lacked  activation  of  a  synthetic  GR  reporter.  Through 
extensive  medicinal  chemistry  probing  the  R1-R3  groups  of  the 
D-ring  in  this  steroidal  structure  to  generate  a  compound  library, 
followed  by  multiple  lines  of  screening  studies  focused  on  20 
candidates,  VBP15  was  subsequently  identified  as  our  lead 
compound.  Selection  was  based  upon  its  superior  profile  in  an  in 
vitro  assay  for  NF-kB  inhibition  in  myogenic  cells,  in  addition  to 
ligand-induced  nuclear  translocation  of  the  GR,  cytotoxicity, 
metabolite  and  pharmacokinetic  properties  (Reeves  et  al,  2013). 
To  further  screen  candidate  compounds  for  target  receptor 
specificity,  we  performed  competitive  nuclear  hormone  receptor 
binding  assays  (Fig  1E-H) .  In  these  assays,  we  found  that  VBP15 
shows  increased  specificity  for  GR  binding  in  comparison  to 
other  A-9,11  compounds.  For  example,  VBP15  exhibited  an 
approximately  50-fold  greater  affinity  for  the  GR  than  VBP3,  and 
a  64-fold  lower  affinity  for  the  mineralocorticoid  receptor  (MR) . 
VBP15  also  showed  only  very  low  affinity  for  the  androgen 
receptor  (Fig  1G),  over  500-fold  lower  than  the  control 
methyltrienolone,  and  lacked  any  detectable  binding  to  the 
oestrogen  (Fig  1H)  or  progesterone  (data  not  shown)  receptors 
in  these  in  vitro  assays.  From  these  screening,  biochemical 
and  specificity  data,  VBP15  presented  a  superior  profile  for 
therapeutic  development. 

Our  studies  here  are  benchmarked  against  prednisolone,  the 
active  form  of  prednisone.  Both  VBP15  and  prednisolone 
inhibited  TNFa-induced  pro-inflammatory  NF-kB  signaling  at 
similar  levels  in  NF-kB  reporter  assays  in  C2C12  muscle  cells  at 
1  nM  or  more  (Fig  2A) .  To  confirm  effects  on  NF-kB  target  genes, 
several  inflammatory  transcripts  known  to  be  induced  by  TNFa 
were  assayed  by  qPCR  in  VBP15-  and  prednisolone-treated 
H2K  myotubes.  We  found  VBP15  inhibited  the  TNFa-induced 
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Figure  1.  VBP15  structure  differentiates  it  from  glucocorticoids  and  improves  GR  specificity. 

A-D.  The  chemical  structure  of  VBP15  is  provided  (A).  VBP15  was  selected  for  clinical  development  by  having  the  optimal  profile  from  a  library  of  A-9,11 
compounds,  whose  general  structure  is  provided  in  (B).  Compound  diversity  for  this  library  was  generated  by  medicinal  chemistry  probing  of  the  Ri-R3 
groups.  These  compounds  are  structurally  related  to  glucocorticoids  (C),  but  contain  an  essential  A-9,11  double  bond  modification  to  the  steroid  C-ring,  at 
the  location  depicted  by  the  red  box.  This  modification  produces  novel  properties  and  clear  differences  in  sub-activity  profiles  of  these  compounds. 
Prednisolone  (D)  is  the  active  form  of  prednisone,  a  current  glucocorticoid  standard  of  care  for  DMD. 

E-H.  Receptor  specificity  was  determined  through  competitive  binding  assays.  Here,  radiolabeled  high-affinity  ligands  were  incubated  with  extracted  steroid 
receptors  and  increasing  concentrations  of  unlabeled  competitor  (high-affinity  control,  VBP15,  VBP1  or  VBP3).  Best-fit  curves  are  provided.  VBP15  showed 
increased  GR  specificity  through  increased  binding  to  the  (E)  GR  and  decreased  binding  to  the  (F)  MR  in  comparison  to  other  A-9,11  compounds  (VBP1  and 
VBP3).  VBP15  also  showed  low  (H)  androgen  receptor  binding  and  no  detectable  binding  to  the  (G)  oestrogen  receptor.  (Triam,  triamcinolone;  Spiro, 
spironolactone;  R1881,  methyltrienolone;  Estradiol,  17|3-estradiol). 


inflammatory  transcripts  Cox2,  Irfl  and  Nos2  [p<  0.005)  at 
potencies  similar  to  prednisolone  (Fig  2B). 

Both  prednisolone  and  VBP15  are  hydrophobic  compounds 
that  are  expected  to  have  physicochemical  effects  on  lipid 
bilayers.  We  compared  the  effects  of  VBP15  and  prednisolone  on 
membrane  injury  and  repair  in  live  cells  using  an  established 
laser  injury  assay  (Sharma  et  al,  2012).  Skeletal  muscle  cells 
treated  with  VBP15  showed  reduced  impact  of  the  injury  and 
enhanced  repair  in  a  dose  dependent  fashion  (Fig  2C  and  D). 
Cells  treated  with  prednisolone,  however,  showed  greater 
impact  from  injury  with  elevated  dye  uptake.  In  this  live 
single-cell  injury  model,  prednisolone  exacerbated,  while  VBP15 
protected,  injury  to  the  plasma  membrane. 

GR  mediates  VBP15  anti-inflammatory  effects  without 
inducing  classical  steroid  transactivation 

To  investigate  whether  NF-kB  inhibition  by  VBP15  is  mediated 
by  the  same  pathways  as  glucocorticoids,  we  examined  the 
effects  of  the  steroidal  receptor  antagonist,  RU-486,  on  NF-kB 
inhibition.  Increasing  concentrations  of  RU-486  from  1  nM  to 
10  |ulM  ablated  NF-kB  inhibition  by  VBP15  in  a  dose  dependent 
manner,  similar  to  results  seen  with  prednisolone  and 
dexamethasone  (Fig  3 A) .  This  shows  that  the  anti-inflammatory 
effects  of  VBP15,  prednisolone  and  dexamethasone  are  all 
mediated  through  shared  steroidal  pathways. 


A  sub-activity  of  pharmacologic  glucocorticoids  that  is  largely 
separable  from  NF-kB  inhibitor  activities  is  the  translocation  of 
ligand-GR  complexes  to  the  nucleus  where  they  directly  mediate 
transcriptional  pathways  via  glucocorticoid  response  elements 
(GRE)  (e.g.  classical  steroid  receptor  transactivation  or  hormon¬ 
al  properties) .  Both  positive-  and  negative-acting  GRE-mediated 
transcriptional  regulation  has  been  described,  and  both  forms 
of  hormonal  activities  are  more  often  associated  with  gluco¬ 
corticoid  side  effects  rather  than  efficacy,  with  some  of  these 
mediated  by  the  pituitary  (Diamond  et  al,  1990;  Drouin 
et  al,  1993;  Itani  et  al,  2002;  Meijsing  et  al,  2009;  Yoshiuchi 
et  al,  1998).  In  AtT-20  pituitary  cells,  we  examined  genes 
regulated  by  positive  and  negative  GREs.  Sgkl ,  a  key  mediator  of 
fibrosis,  is  activated  by  a  positive  GRE.  Both  prednisone  and 
dexamethasone  (0.1  pM)  showed  a  greater  than  13 -fold 
induction  of  Sgkl  gene  transcription,  whereas  VBP15  showed 
no  such  GRE-mediated  transcriptional  activity  at  the  same 
concentration  (Fig  3B).  At  1.0  and  10  pM,  VBP15  began  to  show 
some  evidence  of  Sgkl  transcriptional  induction,  but  to  a  lower 
degree  than  traditional  glucocorticoids.  Adrenocorticotropic 
hormone  (ACTH) ,  the  stimulatory  hormone  in  adrenal  steroido¬ 
genesis,  is  negatively  regulated  by  a  ligand/GR-GRE  interaction 
(Drouin  et  al,  1993).  Treatment  with  dexamethasone  or 
prednisolone  reduced  ACTH  secretion  in  AtT-20  cells  to 
approximately  20%  of  untreated  at  all  concentrations  tested 
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(Fig  3C).  VBP15  produced  more  modest,  dose-dependent  effects 
on  ACTH.  qPCR  of  Pome,  the  ACTH  precursor,  confirmed  effects 
were  consistent  with  transcription  (data  not  shown).  Thus, 
VBP15  has  greatly  reduced  effects  on  both  positively  and 
negatively  GRE-regulated  transcripts  in  comparison  to  gluco¬ 
corticoids,  and  might  be  expected  to  show  a  more  favourable 
side  effect  profile. 

Several  mechanisms  have  been  hypothesized  for  the  inhibi¬ 
tion  of  NF-kB  by  glucocorticoids  and  the  GR.  These  include 
GRE-driven  transactivation  of  genes  that  inhibit  NF-kB,  direct 


Figure  2.  VBP15  inhibits  inflammatory  signaling  and  promotes  membrane 

stability. 

A.  In  an  NF-kB  reporter  assay,  increasing  concentrations  of  prednisolone  or 
VBP15  were  applied  to  TNFa-induced  C2C12  myoblasts  stably 
expressing  a  luciferase  reporter  under  the  control  of  an  NF-kB  driven 
promoter.  Significant  reporter  inhibition  was  observed  at  all  concen¬ 
trations  over  10  nM. 

B.  Inhibition  was  also  observed  for  endogenous  NF-kB  activated  inflam¬ 
matory  transcripts.  Cox2,  Irfl  and  Nos2  expression  was  significantly 
reduced  in  TNFa-induced  H2K  myotubes,  as  determined  by  real  time 
qPCR.  Results  are  mean±SEM  from  representative  experiments 
performed  in  triplicate  (ANOVA,  *p<  0.05,  **p<  0.005,  ***p  <  0.0005). 

C. D.  Laser  injury  and  dye  exclusion  assays  to  determine  effects  of  VBP15  and 

prednisolone  on  cell  membrane  integrity.  (C)  Images  of  C2C12  myoblasts 
exposed  to  the  indicated  drug  15  min  prior  to  laser  wounding,  with 
fluorescent  visualization  of  FM1-43  dye  entry  into  cells  (white 
arrowheads  mark  sites  of  injury,  scale  bars  =  5  |xm).  VBP15  shows 
protection  against  laser-induced  injury.  (D)  Quantitation  of  FM1-43 
influx  overtime  (laser  injury  at  time  6  s).VBP15  shows  reduced  impact  of 
initial  injury  and  enhanced  repair,  whereas  prednisolone  shows  greater 
impact  from  injury  with  elevated  dye  uptake.  Representative  data  from 
one  of  four  experiments  are  presented  as  mean  ±  SEM.  (ANOVA,  n  >  16 
per  treatment,  *p<0.05;  Pred,  prednisolone). 


protein-protein  interactions  through  which  the  GR  may  act 
as  a  corepressor  when  bound  to  NF-kB,  and  the  activation 
of  alternative  receptors  such  as  the  MR.  To  investigate  the 
mechanism  by  which  glucocorticoids,  VBP15  and/or  the 
activated  GR  inhibit  NF-kB,  we  performed  further  experiments 
in  GR  mutant  cells.  First,  we  tested  whether  the  lack  of  GR  in 
GRnul1  mutant  fibroblasts  affects  the  ability  of  drugs  to  inhibit 
inflammatory  transcripts,  which  are  predominantly  controlled 
by  NF-kB.  Absence  of  the  GR  in  this  spontaneous  mutant  line 
was  previously  selected  for  (Housley  &  Forsthoefel,  1989)  and 
confirmed  here  through  Western  blot  (Fig  3D).  Cells  were  then 
treated  with  prednisolone  or  VBP15  and  inflammatory  tran¬ 
scripts  were  induced  with  TNFa.  Ablation  of  GR  transactivation 
functions  in  GRnuU  cells  was  confirmed  through  qPCR  of  Sgkl 
transcript  levels  (Fig  3E) .  Examining  inflammatory  transcripts, 
we  found  Irfl  (p<  0.0001),  Tnfa  (p<0.05)  and  Ilia  (p<0.05) 
expression  to  all  be  significantly  elevated  in  induced  versus  non- 
induced  cells.  In  GR  positive  cells,  both  VBP15  and  prednisolone 
inhibited  the  induction  of  Irfl  (p<  0.005),  Tnfa  (p<0.01)  and 
Ilia  (p  <  0.05)  to  levels  that  were  30-58%  of  vehicle  (Fig.  3F).  In 
GRnul1  cells,  neither  drug  was  able  to  inhibit  the  induction  of  any 
of  these  transcripts.  This  data  confirms  that  ligand-activated  GR 
is  essential  for  the  inhibition  of  predominantly  NF-kB  driven 
inflammatory  transcripts  by  both  prednisolone  and  VBP15. 

Next,  primary  splenocytes  were  harvested  from  control  and 
GRdim  mutant  mice.  These  mice  contain  a  mutation  in  the 
DNA  binding  domain  of  the  GR  (Dahlman- Wright  et  al,  1991; 
Reichardt  et  al,  1998).  This  mutation  prevents  the  GR  from 
binding  to  DNA  and  activating  dimer-driven  GRE  gene 
transcription,  but  maintains  GR  ligand-binding  and  protein- 
protein  interactions.  Here,  primary  splenocytes  were  treated 
with  drug  and  induced  with  TNFa,  then  assayed  by  qPCR.  First, 
we  examined  the  induction  of  NF-kB  inhibitor  alpha  (. Nfkbia ,  or 
IicBa),  a  GRE-activated  gene  that  also  encodes  an  endogenous 
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Figure  3.  GR  is  required  for  anti-inflammatory  activities  ofVBP15  and  prednisolone,  butVBP15  shows  loss  of  GRE-mediated  sub-activities  associated  with 
side  effects. 

A.  Application  of  a  steroidal  receptor  antagonist  (RU-486)  ablated  the  NF-kB  inhibitory  activity  of  both  prednisolone  and  VBP15,  indicating  that  both  drugs 
share  steroidal  anti-inflammatory  pathways. 

B, C.  Assessment  of  GRE-mediated  transcriptional  (hormonal)  activities  differentiates  prednisolone  and  VBP15.  (B)  Sgkl  gene  expression  is  controlled  by  a 

positive  GRE  and  showed  reduced  activation  by  VBP15  in  comparison  to  glucocorticoids  in  AtT-20  pituitary  cells,  as  measured  by  qRT-PCR.  a-Tocopherol  was 
included  as  a  negative  control  compound  that  lacks  any  GRE  activity.  (C)  ACTH  expression  is  controlled  by  a  negative  GRE,  and  is  considered  a  component  of 
adrenal  suppression  (negative  side  effect  of  pharmacological  glucocorticoids).  VBP15  showed  reduced  effects  on  this  side  effect  pathway  via  ELISA  of  treated 
AtT-20  cell  media. 

D.  Western  blot  of  CRnu"  fibroblasts  and  the  control  GR  positive  L929  line  they  were  derived  from,  illustrating  the  absence  of  detectable  GR  protein  in  the  CRnu" 
cells.  GAPDH  was  included  as  a  loading  control. 

E, F.  GRnu"  and  GR  positive  fibroblasts  were  treated  with  drug,  then  induced  with  TNFaand  transcript  levels  assayed  by  real  time  qPCR.  (E )Sgkl  levels  illustrate  an 

absence  of  induction  in  GRnu“  cells,  confirming  Sgkl  dependence  on  the  GR  and  the  absence  of  GR  function  in  this  cell  line.  (F)  Inhibition  of  the  endogenous 
NF-kB  activated  inflammatory  transcripts  Irfl,  Tnfa  and  Ilia  was  observed  in  GR  positive  cells  but  not  in  GRnu"  cells,  indicating  the  GR  is  essential  for  this 
inhibition. 

G,H.  Spleens  were  harvested  from  cRdim/dim  and  wild  type  control  mice.  Splenocyte  suspensions  were  treated  with  drug,  then  induced  with  TNFa  and  transcripts 
assayed  by  qPCR.  (G)  Nfkbia  levels  illustrate  an  absence  of  GRE  induction  by  the  mutantGR,  as  well  as  a  lack  of  induction  of  NF-kB  inhibiting  gene  products,  in 
CRdim/dim  Sp|en0cytes.  (H)  Inhibition  of  Irfl,  Tnfa  and  116  inflammatory  transcripts  was  observed  in  both  wild  type  and  CRdim/dim  mutant  splenocytes.  This 
indicates  GRdim  isoforms,  which  maintain  protein-protein  interactions  but  lose  receptor-DNA  interactions,  still  maintain  inhibition  of  endogenous  NF-kB 
activated  inflammatory  transcripts.  (Pred,  prednisolone;  Dex,  dexamethasone;  a-Toc,  vitamin  E;  ANOVA,  *p<0.05,  **p<  0.005,  ***p  <  0.0005). 


inhibitor  of  NF-kB.  In  wild  type  control  splenocytes,  Nfkbia 
expression  was  significantly  increased  by  prednisolone  (increase 
of  45  ±  1 3  % ,  p  <  0 . 005)  but  not  by  VBP 1 5  (increase  of  1 6  ±  1 6  % ) 
in  comparison  to  vehicle.  No  induction  was  present  with  either 


drug  in  GRdim  splenocytes,  demonstrating  both  the  absence  of 
GR  dimer-driven  gene  expression  in  GR  dim  cells  and  a  lack  of 
induction  of  NF-kB  inhibitory  genes.  Examining  inflammatory 
transcripts,  we  found  Irfl  (p  <  0.0001),  Tnfa  (p  <  0.0001)  and  116 
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(p<  0.05)  were  significantly  elevated  within  induced  versus 
non-induced  primary  splenocytes.  Consistent  with  GR  positive 
fibroblasts  and  H2K  myotubes,  treatment  of  wild  type 
splenocytes  with  both  VBP15  and  prednisolone  successfully 
inhibited  the  induction  of  all  three  inflammatory  transcripts 
(p  <  0.001)  to  levels  that  were  roughly  half  those  of  vehicle.  In 
contrast  to  GRnul1  genotype  and  GRE  transcript  experiments,  we 
found  that  inhibition  of  all  three  inflammatory  transcripts  was 
maintained  in  the  GRdim  mutant  cells.  Together,  these  experi¬ 
ments  show  that  both  prednisolone  and  VBP15  activate  the  GR  to 
efficiently  inhibit  inflammatory  transcription  programs  through 
protein-protein  interactions,  independent  of  DNA  binding  or 
transactivation  of  inhibitory  genes. 

VBP15  improves  dystrophic  phenotypes  in  mice  treated  before 
the  onset  of  early  necrosis 

The  mdx  mouse  model  of  DMD  shows  staged  histopathology, 
with  little  evidence  of  dystrophy  from  0  to  3  weeks  of  age,  then 
wide-spread  necrosis  from  3  to  6  weeks,  followed  by  successful 
regeneration  and  a  milder,  more  stable  histological  picture.  We 
tested  efficacy  of  VBP15  in  the  mdx  model  with  treatment 
beginning  prior  to  the  3  weeks  onset  of  widespread  pathology 
(prophylactic  strategy) .  We  carried  out  a  blinded  pre-clinical  trial 
of  pre-symptomatic  mice  with  VBP15  (5,  15  or  30 mg/kg), 
prednisolone  (5  mg/kg),  or  vehicle  beginning  at  postnatal  day  15 
(PND  15),  following  guidelines  for  robust  pre-clinical  trials 
and  international  SOPs  (Landis  et  al,  2012;  Nagaraju  & 
Willmann,  2009;  Spurney  et  al,  2009).  These  doses  were  chosen 
on  the  basis  of  favourable  bioavailability,  ADME  and  metabolite 
profiles  (Reeves  et  al,  2013),  as  well  as  early  safety  studies  in 
wild  type  mice  by  independent  groups,  which  suggest  the  28  day 
no-observable  adverse  effect  level  (NOAEL)  of  daily  oral  VBP15 
in  mice  is  at  least  100  mg/kg.  This  dose  range  was  chosen  to 
better  define  the  therapeutic  window  within  this  mouse  disease 
model.  The  prednisolone  dose  was  chosen  based  on  our 
extensive  pre-clinical  experience  with  this  drug  in  the  mdx 
mouse  model. 

Both  VBP15  and  prednisolone  increased  mdx  forelimb  and 
hindlimb  normalized  grip  strength  in  comparison  to  vehicle 
(Fig  4A  and  B) .  Significant  increases  in  VBP15  groups  followed  a 
dose-dependent  pattern  from  14%  at  5  mg/kg  ( p  <  0.05)  to  20% 
at  30  mg/kg  {p<  0.0005).  For  maximal  force  exerted,  we  again 
saw  a  dose  dependent  increase  in  forelimb  strength  upon  VBP15 
treatment,  while  prednisolone  actually  showed  a  reduction  in 
maximal  forelimb  strength  (Fig  4C).  The  discrepancy  between 
prednisolone’s  effects  on  maximal  and  normalized  force 
measures  was  due  to  the  marked  retardation  of  mouse  growth 
induced  by  prednisolone,  but  not  by  VBP15  (see  below).  This 
indicates  VBP15  increases  functional  mouse  limb  strength. 

Evaluating  muscle  strength  of  isolated  muscles  ex  vivo , 
extensor  digitorum  longus  (EDL)  muscles  showed  a  reduction  in 
specific  force  for  mdx  compared  to  WT  (Fig  4D).  While 
prednisolone  showed  no  increase,  specific  force  increased  with 
VBP15  at  both  15  and  30  mg/kg  by  an  average  of  12  % .  Following 
lengthening  contractions,  smaller  drops  in  force  for  mdx  EDLs 
after  10  contractions  were  observed  for  mice  treated  with 
prednisolone  (7%)  and  VBP15  (11%  at  15  mg/kg,  p  <  0.05),  in 


comparison  to  vehicle  (Supporting  Information  Fig  1A).  These 
data  suggest  functional  benefits  to  isolated  dystrophic  muscles. 

Optical  imaging  of  live  animals  was  used  to  monitor  muscle 
inflammation.  ProSense  680,  a  substrate  cleaved  by  cathepsin 
proteases  upregulated  in  DMD  (Kar  &  Pearson,  1978;  Takeda 
et  al,  1992),  was  injected  as  previously  reported  (Baudy 
et  al,  2011).  Cathepsin  activity  was  elevated  in  mdx  mice 
(Fig  4E,  Supporting  Information  Fig  IB  and  C).  VBP15  and 
prednisolone  decreased  cathepsin  activity  towards  WT  levels. 
Decreases  in  VBP15  groups  followed  a  dose-dependent  pattern, 
from  a  22  %  decrease  in  comparison  to  vehicle  at  5  mg/kg  to  a 
41%  decrease  at  30  mg/kg  in  hindlimbs.  This  suggests  VBP15 
reduces  muscle  inflammatory  disease  in  vivo. 

In  histopathology  studies,  quantitative  H&E  analysis  of  mdx 
diaphragms  revealed  a  clear  inflammatory  phenotype,  with 
16-fold  higher  inflammatory  cell  counts  compared  to  WT 
(Fig  4F).  Mice  treated  with  VBP15  at  15  and  30  mg/kg  displayed 
38  and  30  %  reductions  in  inflammatory  foci  compared  to  vehicle. 
VBP15  also  reduced  calcified  fibres  (Supporting  Information 
Fig  ID).  These  data  are  evidence  that  VBP15  reduces  inflamma¬ 
tion  and  improves  inflammatory  muscle  pathology. 

VBP15  improves  dystrophic  phenotypes  in  adult  mdx  mice 
treated  after  symptom  onset 

In  a  separate  trial,  exercised  adult  mdx  mice  were  treated  for 
4  months.  In  agreement  with  the  pre-symptomatic  trial  above, 
ProSense680  live  animal  imaging  exhibited  a  20%  and  13% 
decrease  in  muscle  inflammation  upon  VBP15  treatment  at  15 
and  45  mg/kg  (Fig  4G).  Isolated  EDLs  showed  a  16%  increase  in 
specific  force  upon  treatment  with  VBP15  at  15  mg/kg  (Fig  4H). 
H&E  histology  revealed  VBP15  significantly  decreased  dia¬ 
phragm  inflammation  (Fig  41).  These  data  reinforce  VBP15 
efficacy  and  indicate  both  pre-symptomatic  and  post-onset 
treatment  regimens  can  benefit  disease. 

VBP15  does  not  display  immunotoxicity  seen  with 
prednisolone 

Pharmacologic  glucocorticoids  show  immunosuppressive  and 
immunotoxic  properties  that  limit  therapeutic  windows  and 
long-term  prescription.  We  benchmarked  VBP15  against 
prednisolone  to  determine  if  similar  sub-activities  were  seen. 
Untreated  mdx  mice  showed  enlarged  spleens  and  increased 
numbers  of  peripheral  blood  leucocytes  (PBLs)  compared  to  WT 
mice  (Supporting  Information  Fig  2 A  and  B).  VBP15  treatment 
reduced  spleen  mass  and  PBL  counts  in  a  dose-dependent 
manner  to  levels  resembling  WT.  Prednisolone  reduced  these 
measures  below  WT,  suggesting  immunosuppressive  and/or 
immunotoxic  properties.  Further,  prednisolone  significantly 
decreased  viable  splenocytes  per  gram  of  tissue  (p<  0.005), 
while  this  was  not  observed  for  any  VBP15  dose  (Fig  5A). 

We  next  examined  effects  of  VBP15  on  B  and  T  lymphocytes 
isolated  from  mdx  spleens  at  the  trial  conclusion.  Both  B 
lymphocytes  and  CD4+  T  lymphocytes  were  depleted  by 
prednisolone  but  not  VBP15,  as  measured  by  percent  B220+ 
and  CD4+  positive  splenocytes,  respectively  (Fig  5B  and  C) .  CD4+ 
T  cell  activation  was  assayed  by  stimulation  of  splenocytes  with 
concanavalin  A  (ConA).  Prednisolone  treatment  significantly 
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Figure  4.  VBP15  improves  dystrophic  phenotypes  of  mdx  mice  in  two  pre-clinical  trials  (pre-symptomatic  and  post-onset  treatment  regimens). 

A-F.  Prophylactic  treatment  of  mdx  mice  beginning  at  2  weeks  of  age  showed  dose-dependent  improvement  of  clinical  and  histological  endpoints.  Mouse  limb 
strength  increased  upon  VBP15  treatment  as  measured  by  grip  strength  of  6  week  old  mice  for  both  (A)  forelimb  and  (B)  hindlimb  ( n  >  12  mice/group).  (C) 
Maximal  force  exerted  by  mouse  forelimbs  increased  with  VBP15  treatment  but  decreased  with  prednisolone  treatment,  due  to  prednisolone  effects  on 
mouse  size  (presented  later).  (D)  Specific  force  of  isolated  EDL  muscle  increased  with  VBP15  treatment  (n  =  10  mice/group).  (E)  Live-animal  imaging  of 
cathepsin  protease  activity  (ProSense680)  shows  reduced  inflammation  and  necrosis  of  the  hindlimbs  in  VBP15-treated  mdx  mice  (E  images;  E'  quantitation 
of  fluorescence;  n  >  6  mice/group).  (F)  Histology  of  diaphragm  muscle  shows  a  decrease  in  inflammatory  foci  from  VBP15  treatment  at  15  and  30  mg/kg 
(F  representative  images,  F'  quantitation;  n  =  6  mice/group). 

G-l.  A  second  pre-clinical  trial  was  performed  in  exercised  adult  mdx  mice  to  assay  post-onset  efficacy.  (G)  Live-animal  imaging  of  inflammation  (ProSense680) 
showed  a  significant  decrease  with  VBP15  treatment  (G  representative  images,  (G')  quantitation;  n  >  6  mice/group).  (H)  Specific  force  of  isolated  EDL  muscle 
was  measured  ex  uiuo  at  trial  conclusion  with  15  mg/kg  VBP15  showing  an  increase  consistent  with  the  neonate  trial  (n  >  7  mice/group).  (I)  Histology  of  adult 
diaphragm  showed  a  significant  reduction  in  inflammatory  foci  upon  45  mg/kg  VBP15  treatment^  =  6  mice/group).  Values  are  mean  ±SEM.  For  treatments, 
the  mean  percentage  of  increase  or  decrease  of  mdx  vehicle  values  towards  WT  is  provided.  (Pred,  prednisolone;  FL,  forelimb;  HL,  hindlimb;  data  exceeding  2 
SD’s  was  removed  from  specific  force  values  as  an  outlier  but  included  in  all  statistical  analyses;  one-tailed  t- test  of  single  dose  uersus  vehicle  mdx  fp<  0.05; 
ANOVA  of  dose-dependence  groups  uersus  vehicle  mdx  *p  <  0.05,  **p  <  0.005,  ***p  <  0.0005). 
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Figure  5.  VBP15  does  not  show  immunosuppressive  activities  shown  by 

prednisolone. 

A.  Prednisolone  significantly  reduced  the  number  of  viable  splenocytes  per 
gram  of  spleen  tissue,  whereas  VBP15  did  not  at  any  dose. 

B.  The  percentage  of  B  lymphocytes,  as  measured  by  FACS  analysis  of  B220 
positive  cells,  was  reduced  in  spleens  from  prednisolone  treated  mdx  mice, 
while  VBP15  showed  no  decrease  in  B  cells. 

C.  Spleen  CD4+  T  cell  numbers  were  significantly  decreased  in  prednisolone 
treated  mdx  spleens,  but  not  by  VBP15  treatment. 

D.  Activation  of  mdx  splenocyte  T  cells  by  concavalin  A  was  impaired 
by  prednisolone,  but  not  impaired  by  VBP15  treatment.  Values  are 
mean±SEM.  (Pred,  prednisolone;  (A)  n  >  12,  (B-D)  n  =  3-5;  *p<0.05, 
**p<  0.005). 


reduced  activated  CD4+CD25+  cells  (p  =  0.01),  while  VBP15  did 
not.  Taken  together,  these  findings  suggest  VBP15  modulates 
inflamed  mdx  immune  systems  towards  a  WT  state,  while 
prednisolone  treatment  leads  towards  an  immunocompromised 
state. 

VBP15  shows  a  superior  side  effect  profile  compared  to 
pharmacological  glucocorticoids 

Stunted  growth  is  a  significant  side  effect  of  chronic  prednisone 
use  in  children  (Avioli,  1993;  Wolthers  &  Pedersen,  1990).  In  our 
pre-symptomatic  mdx  study,  prednisolone  treatment  significant¬ 
ly  stunted  the  growth  of  young  mice  (Fig  6A) .  After  5  weeks  of 
treatment,  mdx  mice  receiving  prednisolone  were  significantly 
shorter  (8.6  ±0.4  cm)  than  vehicle  (9.1  ±0.3  cm,  p  <  0.001).  No 
significant  reduction  in  body  length  was  observed  for  any  VBP15 
dose. 

Chronic  treatment  with  glucocorticoids  negatively  affects 
bone  growth  and  development,  and  can  cause  osteoporosis 
(Bircan  et  al,  1997;  Manolagas  &  Weinstein,  1999).  Tibia  length 
was  measured  to  determine  if  VBP15  inhibited  bone  growth 
(Fig  6B).  Vehicle  mdx  mice  had  tibia  lengths  of  15.9  ±0.3  mm, 
while  prednisolone  significantly  decreased  this  to  14.8  ±  0.5  mm 


[p<  0.005).  VBP15,  however,  did  not  affect  tibia  length  at  any 
concentration.  MicroCT  was  performed  on  femurs  to  examine 
bone  density  and  structure  (Fig  6C).  Comparison  of  vehicle, 
prednisolone  and  the  highest  VBP15  dose  showed  prednisolone 
to  significantly  reduce  trabecular  thickness  (p<  0.005)  com¬ 
pared  to  vehicle,  while  VBP15  did  not.  Prednisolone  thus 
demonstrated  side  effects  to  bone  not  observed  with  VBP15 
treatment. 

We  have  previously  reported  deleterious  effects  of  prednisone 
on  increased  fibrosis  in  mdx  hearts  (Sali  et  al,  2012).  In  both 
pre-clinical  trials  (pre-symptomatic  and  adult),  we  examined 
cardiac  and  skeletal  muscle  for  measures  of  fibrosis.  In  the  pre- 
symptomatic  trial  (Fig  6D-F),  prednisolone  caused  a  significant 
elevation  of  heart  mass  ratios  over  vehicle  (5.9  ±0.6  vs. 
5.4 ±0.4,  p<0.05),  indicative  of  cardiac  hypertrophy.  No 
increase  was  present  in  VBP15  groups.  Histologically,  clear 
fibrosis  was  evident  in  50%  of  young  (8  weeks)  prednisolone- 
treated  hearts  compared  to  0%  of  all  other  groups.  Histological 
analyses  of  skeletal  muscle  (gastrocnemius)  also  showed 
increased  fibrosis  in  prednisolone-treated  mice  (8.1  ±2.2%, 
p  <  0.05)  compared  to  vehicle-treated  (4.2  ±1.8%),  VBP15- 
treated  (3.5 ±  1.2%  at  30mg/kg),  and  WT  (2.0±0.5%)  mice 
(Supporting  Information  Fig  2C-E).  In  the  adult  trial,  cardiac 
findings  were  consistent  with  the  pre-symptomatic  trial  (Fig  6G 
and  H) .  Here  as  well,  prednisolone  treatment  increased  fibrosis 
and  mass  ratios  of  mdx  hearts,  while  VBP15  did  not. 

DISCUSSION 

Development  of  mechanisms  to  improve  muscular  dystrophy  in 
the  absence  of  detrimental  hormonal  effects  will  substantially 
improve  DMD  patient  medical  care,  could  provide  a  therapy  for 
dystrophies  with  no  current  treatment,  and  could  improve  care 
of  diverse  chronic  inflammatory  disorders.  Here,  we  describe  the 
development,  mechanisms  and  effects  of  a  novel  drug  that 
dissects  and  optimizes  several  sub-activities  of  classic  gluco¬ 
corticoids  (Fig  7),  demonstrating  it  is  possible  to  treat  muscular 
dystrophy  in  the  absence  of  growth,  hormonal  and  immuno¬ 
suppressive  side  effects.  For  one  sub-activity,  we  show  VBP15 
has  protective  physicochemical  effects  on  the  plasma  mem¬ 
brane,  protecting  cells  from  injury  and  promoting  membrane 
repair.  This  sub-activity  is  likely  to  be  particularly  important  in 
DMD  where  disease  pathogenesis  is  clearly  linked  to  membrane 
instability  and  myofibre  injury.  For  another,  we  show  that  a  key 
anti-inflammatory  activity,  inhibition  of  TNFa-induced  NF-kB, 
is  retained  by  VBP15.  We  further  show  that  this  mechanism 
occurs  through  protein-protein  interactions  of  the  VBP15 
ligand-activated  GR,  independently  of  DNA  binding,  GRE 
activation,  or  upregulation  of  inhibitory  transcripts.  We  have 
previously  shown  that  NF-kB  activation  is  among  the  earliest 
histological  features  of  DMD  neonates  (Chen  et  al,  2005; 
Porter  et  al,  2002,  2003),  years  before  symptoms  appear.  This, 
coupled  with  the  results  of  our  blinded  mdx  pre-clinical  data 
here,  suggests  that  very  early  treatment  of  DMD  patients 
with  VBP15  may  prevent  or  delay  the  onset  of  some  clinical 
symptoms.  Finally,  the  well-documented  and  extensive  side 


37 

©  2013  The  Authors.  Published  by  John  Wiley  and  Sons,  Ltd  on  behalf  of  EMBO. 


EMBO  Mol  Med  (2013)  5,  1569-1585 


www.embomolmed.org 


Research  Article 

Christopher  R.  Heier  et  al. 


D  WT  mdx 


vehicle  vehicle  VBP(5mg/kg)  VBP(15mg/kg)  VBP(30mg/kg)  Pred  (5mg/kg) 


VBP15  (mg/kg)  VBP15(mg/kg)  VBP15(mg/kg)  VBP15(mg/kg) 


Figure  6.  VBP15  lacks  the  side  effects  of  current  glucocorticoid  regimens  in  uiuo. 

A.  Prednisolone  treatment  stunted  the  growth  of  developing  mice  in  comparison  to  both  vehicle  and  VBP15  groups.  Representative  photographs  (A)  and 
quantitation  of  body  length  (A')  are  provided. 

B.  Bone  lengths  were  reduced  upon  prednisolone  treatment.  X-rays  (B)  of  mouse  tibias  illustrate  size  differences  (scale  bars  =  2  mm).  Quantitation  shows  a 
significant  decrease  in  tibia  length  (B'). 

C.  MicroCT  imaging  analysis  of  femur  revealed  a  significant  decrease  in  trabecular  thickness  (C')  for  prednisolone  treated  mice. 

D-F.  Increases  in  cardiac  fibrosis  and  heart  mass  were  detected  in  prednisolone  treated  mice,  suggestive  of  cardiac  damage  as  a  side  effect  lacking  for  VBP15. 
Sirius  red  staining  of  cardiac  muscle  shows  increased  fibrosis  in  prednisolone-treated  mice,  but  not  VBP15  mice.  Representative  images  (D)  and  digital 
quantitation  of  fibrosis  (E)  are  provided.  To  the  right  of  the  image  panel  is  a  higher  magnification  image  from  the  area  outlined  in  box.  (F)  Heart  mass  ratios 
were  increased  by  prednisolone  but  not  by  VBP15. 

G,H.  In  adult  mdx  mice  as  well,  increases  in  cardiac  fibrosis  (G)  and  heart  mass  (G)  were  observed  with  prednisolone  treatment  but  notVBP15  treatment.  In  adult 
mdx  vehicle  mice,  an  expected  disease-  and  age-related  increase  in  fibrosis  over  WT  is  seen.  Values  are  mean  ±  SEM.  (/i  >  12  per  group  for  (A,B,E,F);  n  >  5  for 
(C,G,H);  *p  <  0.05,  **p<  0.005,  ***p  <  0.0005). 


effect  profiles  of  glucocorticoids,  inclusive  of  immunotoxicity, 
growth  stunting  and  effects  on  pituitary  function,  were  not 
seen  with  VBP15  at  doses  up  to  nine  times  prednisolone 
dosing.  These  properties  provide  us  with  a  new  mechanistic 
profile  with  which  to  approach  both  patient  therapy  and 
scientific  questions  regarding  inflammation,  signaling  and 
disease  mechanisms. 


Steroidal  compounds  are  multi-mechanistic  by  nature  and 
display  physicochemical  effects  on  the  plasma  membrane  (Rhen 
et  al,  2003;  Shivaji  &  Jagannadham,  1992).  We  find  VBP15  and 
prednisolone  differ  in  their  effects  on  membranes,  with  VBP15 
treatment  protecting  live  cells  from  laser-induced  injury. 
Membrane-stabilization  is  a  property  that  is  analogous  to 
poloxamer  188,  Mitsugumin  53  or  cromolyn  sodium,  which 
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Figure  7.  Working  model  of  VBP15  and  prednisone  drug  mechanism  sub-activity  profiles.  Steroidal  compounds  such  as  glucocorticoids  (prednisone)  and 
A-9,11  compounds  (VBP15)  are  multi-potent  drugs.  Through  dissecting  the  sub-activities  of  these  compounds,  we  find  that:  (1)  VBP15  reduces  inflammation  but 
does  not  show  the  immunosuppressive  impairment  of  lymphocyte  viability  and  function  observed  for  prednisone.  (2)  Within  an  environment  of  plasma 
membrane  disruption,  VBP15  helps  to  promote  resistance  to  and  repair  of  injuries,  while  prednisone  can  exacerbate  membrane  injury.  (3)  Inside  cells,  both 
compounds  bind  to  and  activate  the  GR  to  potently  inhibit  inflammatory  NF-kB  signaling  through  protein-protein  interactions.  (4)  Though  they  both  bind  to  the 
GR,  prednisone  causes  strong  induction  of  hormonal  GRE  controlled  promoter  elements,  while  VBP15  eliminates  or  greatly  reduces  these  effects. 


operate  through  varying  mechanisms  and  show  beneficial 
effects  on  dystrophin  deficient  dog  and  mouse  muscle  in  vivo 
(Marques  et  al,  2008;  Townsend  et  al,  2010;  Weisleder 
et  al,  2012).  Membrane-stabilizing  effects  of  VBP15,  but  not 
prednisolone,  are  consistent  with  increases  in  specific  force 
observed  for  VBP15  but  not  for  prednisolone.  VBP15  effects  on 
membrane  stability  could  be  explained  by  altered  compression 
of  phospholipid  head  groups  within  the  membrane,  altered  ion 
balances  (Howard  et  al,  2011),  altered  membrane  or  vesicular 
fusion  (Shivaji  &  Jagannadham,  1992),  or  altered  oxidative 
stress  at  the  plasma  membrane  (Howard  et  al,  2011;  Kavanagh 
&  Kam,  2001;  Marques  et  al,  2008;  Saija  et  al,  2001).  With 
membrane  integrity  and  repair  becoming  of  increasing  impor¬ 
tance  in  muscle  (Bansal  et  al,  2003;  Jaiswal  et  al,  2007), 
cardiovascular  (Chase  et  al,  2009),  neurodegenerative  (Bazan 
et  al,  2005)  and  airway  (Gajic  et  al,  2003)  disorders, 
physicochemical  properties  of  VBP15  will  be  an  intriguing  area 
of  investigation  moving  forward. 

Chronic  treatment  with  glucocorticoids  (prednisone,  defla- 
zacort)  is  the  current  standard  of  care  for  DMD,  yet 
glucocorticoids  are  well-known  to  induce  muscle  atrophy 


pathways  via  FOXOl,  stunt  the  growth  of  paediatric  patients, 
and  can  suppress  the  immune  system  which  plays  an  important 
role  in  myo fibre  repair  cycles.  Thus,  clinical  improvements  in 
DMD  patients  treated  with  glucocorticoids  may  be  the  sum 
balance  of  beneficial  anti-inflammatory  effects  and  deleterious 
pathways.  Both  in  vitro  and  in  vivo  data  presented  here 
are  consistent  with  this  model.  In  mdx  mice,  we  find  the  net 
balance  of  prednisolone  treatment  increases  normalized 
strength,  however  at  the  same  time  it  stunts  the  growth  of 
mice  resulting  in  lower  maximal  strength,  is  immunosuppres¬ 
sive,  and  increases  the  presence  of  muscle  damage.  We,  as  well 
as  others  in  recent  reports  (Bauer  et  al,  2009),  also  find  that 
prednisolone  increases  cardiac  fibrosis  in  mdx  mice.  Comparable 
examination  of  cardiac  fibrosis  in  glucocorticoid  treated  DMD 
patients  has  not  been  examined  directly  in  the  literature, 
however  recent  anecdotal  cardiac  MRI  reports  show  substantial 
fibrosis,  suggesting  this  may  be  an  intriguing  area  of  investiga¬ 
tion  moving  forward,  with  a  possibility  to  develop  more  “heart 
healthy”  treatments.  VBP15  however  does  not  stunt  the  growth 
of  mice,  shows  no  evidence  of  splenocyte  immunotoxicity,  and 
does  not  increase  muscle  fibrosis  in  skeletal  or  cardiac  muscle.  In 
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the  absence  of  these  side  effects,  VBP15  increases  strength, 
increases  absolute  and  specific  force  measures  and  decreases 
muscle  inflammation.  A  comparison  of  VBP15  and  prednisolone 
mechanistic  profiles  in  the  context  of  these  results  has  several 
implications.  One,  stunted  growth  appears  to  be  a  side  effect  of 
glucocorticoid  treatment  in  DMD  as  opposed  to  a  mechanism  of 
efficacy,  as  has  been  logically  proposed  in  the  past  (Grounds  & 
Shavlakadze,  2011)  by  limiting  body  size  to  reduce  muscle 
workload.  Here,  we  see  dose-dependent  increases  in  mdx 
strength  in  the  absence  of  stunted  growth,  suggesting  the 
potential  to  increase  patient  strength  without  overt  effects  to 
growth  and  development.  Two,  immunotoxicity  is  a  potential 
side  effect  of  glucocorticoid  treatment  -  not  the  primary  cause  of 
efficacy.  This  is  supported  by  the  failure  of  general  immunosup¬ 
pression  to  increase  DMD  patient  strength  (Griggs  et  al,  1993; 
Kissel  et  al,  1993).  Three,  NF-kB  inhibition  is  shared  by  both 
drugs,  supporting  our  hypothesis  that  this  is  a  shared  pathway  of 
efficacy.  In  further  support  of  this,  peptides  or  antibodies 
targeting  NF-kB  pathways  benefit  mdx  phenotypes  (Grounds  & 
Torrisi,  2004;  Peterson  et  al,  2011),  while  in  contrast, 
constitutive  activation  of  NF-kB  causes  severe  muscle  wasting 
(Cai  et  al,  2004;  Mourkioti  et  al,  2006).  Finally,  GRE  trans¬ 
activation  appears  to  be  disposable  to  efficacy  in  DMD.  As  GRE- 
regulated  genes  have  been  implicated  in  a  number  of 
glucocorticoid  side  effects,  this  is  particularly  exciting  because 
it  provides  a  clear  avenue  by  which  to  reduce  harsh  side  effect 
profiles  currently  limiting  the  use  of  these  widely  applicable 
drugs.  Indeed,  along  with  a  reduction  in  GRE  activity  for 
VBP15,  we  also  see  an  absence  of  glucocorticoid  side  effects 
in  mdx  mice.  Importantly,  efficacy  is  maintained  in  the  absence 
of  immunosuppression  and  overt  hormonal  effects  to  growth 
and  development,  providing  insight  into  mechanisms  of 
glucocorticoids  in  muscular  dystrophy  and  demonstrating  a 
successful  separation  of  pathways  into  dystrophy  efficacy  and 
side  effects. 

Exon  skipping  represents  another  promising  line  of  therapeu¬ 
tic  development  for  DMD  (Hoffman  et  al,  2011).  Short  of  gene 
replacement,  this  may  offer  the  greatest  potential  to  alleviate 
DMD  because  it  aims  to  restore  expression  of  disease-causing 
dystrophin  deficiencies.  However,  isoforms  induced  by  exon 
skipping,  as  well  as  the  mini-gene  dystrophin  constructs 
envisioned  in  gene  therapy,  are  also  expressed  in  Becker 
muscular  dystrophy  (alleles  of  dystrophinopathy  leading  to 
milder  disease).  In  other  words,  both  exon  skipping  and  gene 
therapy  are  expected  to  mitigate  but  not  cure  disease.  We  and 
others  find  exon  skipping  partially  restores  specific  force  deficits 
in  mdx  muscle,  with  ex  vivo  force  contractions  typically  showing 
approximately  20%  increases  over  mdx  controls  (Aoki 
et  al,  2010;  Dumonceaux  et  al,  2010).  This  likely  represents 
an  upper  limit  to  therapeutic  strength  increases,  short  of  gene 
replacement.  We  find  VBP15  treatment  increases  EDL  specific 
force  as  well,  with  15  mg/kg  producing  12  and  16%  increases  in 
the  two  trials  presented  here.  Currently,  patients  with  Becker  or 
other  milder  muscle  dystrophies  are  not  routinely  administered 
prednisone  (Johnsen,  2001)  due  to  the  unclear  net  balance  of 
detrimental  versus  beneficial  effects  it  would  provide.  Evidence 
here  suggests  VBP15  could  provide  a  novel  therapy  for  Becker’s 


and  other  milder  dystrophies,  or  serve  as  a  valuable  combination 
therapy  used  with  exon  skipping  to  provide  efficacy  through 
independent  mechanisms. 

Currently,  glucocorticoid  regimens  for  DMD  delay  treatment 
to  avoid  serious  detriment,  and  many  patients  eventually 
discontinue  treatment  as  a  result  of  side  effects.  A  drug  lacking 
such  harsh  effects  has  the  potential  to  change  physicians’ 
treatment  approaches  since  it  would  be  more  amenable  to  a 
chronic  treatment  regimen,  and  would  enable  treatment  during 
pre-symptomatic  or  late  stages  when  many  patients  are  not 
taking  prednisone.  This  rationale  prompted  us  to  change  our 
approach  to  mdx  preclinical  trial  design  for  VBP15,  and  indeed 
we  saw  clear  efficacy  with  an  ablation  of  side  effects  to  mdx 
growth,  bone  and  muscle.  Intriguingly,  by  enabling  treatment  of 
DMD  at  pre-symptomatic  ages,  a  strong  rationale  for  neonatal 
screening  could  be  built  to  move  forward  towards  a  preventative 
medicine  approach  to  treatment,  thereby  improving  the  way  we 
diagnose  and  treat  DMD  patients. 

International  consensus  has  established  the  mdx  mouse  as  the 
model  of  choice  for  preclinical  and  proof-of-concept  studies 
because  they  represent  the  exact  monogenic  biochemical  defect 
present  in  DMD  (Nagaraju  &  Willmann,  2009;  Willmann 
et  al,  2009,  2012).  However,  mdx  mice  present  a  milder  disease 
than  DMD,  with  peak  severity  from  approximately  3-8  weeks 
of  age  after  which  they  recover  substantially  until  advanced 
ages.  This  prompts  various  strategies  to  exacerbate  the  mdx 
phenotype.  One  strategy  is  to  introduce  additional  mutations 
which  exacerbate  disease  onto  the  mdx  background,  examples 
of  which  include  the  mdx:utrophin~ /_  (Deconinck  et  al,  1997; 
Grady  et  al,  1997b),  mdx:adbn~ /_  (Grady  et  al,  1999),  mdx: 
a7  integrirC (Guo  et  al,  2006),  mdx:PV~/~  (Raymackers 
et  al,  2003)  and  mdx:MyoD~/ ~~  (Megeney  et  al,  1999)  double 
knockout  models.  These  provide  advantages  through  increased 
disease  severity  and  a  differing  array  of  symptoms,  which  allow 
for  more  efficient  trials  utilizing  smaller  sample  sizes  without 
the  added  need  of  forced  exercise  protocols.  Several  groups 
have  thus  utilized  mdx:utrophirT/~  double  transgenic  mice 
to  successfully  detect  therapeutic  efficacy  (Delfin  et  al,  2011; 
Gehrig  et  al,  2012;  Goyenvalle  et  al,  2010;  Wakefield  et  al,  2000). 
It  is  possible  for  a  second  mutation  to  introduce  underlying 
biochemical  or  biological  differences  however,  for  example 
utrophirT /_  single  transgenic  mice  have  an  increased  suscepti¬ 
bility  to  seizures  (Knuesel  et  al,  2002),  along  with  altered 
neuromuscular  junction  folding  and  altered  acetyl  choline 
receptor  density  (Grady  et  al,  1997a),  which  could  feasibly 
affect  neuromuscular  disease  outside  of  a  direct  consequence  of 
dystrophin  deficiency  (Willmann  et  al,  2009).  Here,  we  chose  to 
use  larger  sample  sizes  of  monogenic  mdx  mice  to  ensure  that 
the  efficacy  parameters  we  measured  were  from  phenotypes 
directly  resulting  from  dystrophin  deficiency.  To  optimize  our 
trial  designs,  we  adopted  two  strategies  to  measure  mdx 
phenotypes  at  points  of  increased  severity,  in  one  trial  by 
assaying  young  mice  during  natural  peaks  in  disease  severity, 
and  in  the  other  by  using  forced  exercise  protocols  in  adult  mice 
to  exacerbate  disease.  Through  both  strategies,  we  consistently 
detect  significant  mdx  phenotypes  and  VBP15  efficacy  through 
an  improvement  of  mdx  phenotypes  towards  wild  type. 
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Extension  of  VBP15  to  other  clinical  disorders  of  membrane 
instability  and  chronic  inflammation  will  require  further  studies 
and  clinical  development.  Studies  of  VBP15  in  animal  models  of 
arthritis,  asthma,  multiple  sclerosis  and  inflammatory  bowel 
diseases  are  currently  underway.  Through  collaboration  with  the 
Muscular  Dystrophy  Association  Venture  Philanthropy,  and  the 
National  Institutes  of  Health  Therapeutics  for  Rare  and 
Neglected  Disease  (TRND)  program,  VBP15  is  being  actively 
developed  for  DMD  as  the  initial  indication.  Participation  in 
these  programs  has  provided  repeatability,  efficacy  and  safety 
through  independent  trials  both  in  vitro  and  in  vivo.  VBP15 
shows  favourable  pharmacokinetic,  ADME  and  metabolite 
profiles  (Reeves  et  al,  2013).  Early  safety  studies  by  independent 
groups  suggest  a  single  dose  tolerance  of  at  least  500  mg/kg  in 
mice,  and  a  28  day  NOAEL  of  at  least  100  mg/kg  in  mice,  which  is 
more  than  twice  the  highest  doses  (30  and  45  mg/kg)  used  here 
to  show  both  efficacy  and  a  clear  reduction  in  side  effects  in 
comparison  to  prednisolone. 

Our  results  demonstrate  the  successful  separation  of  path¬ 
ways  providing  efficacy  from  side  effects  in  muscular  dystrophy. 
The  translation  of  these  into  model  mice  by  treatment  with  a 
novel,  orally  available  drug,  indicates  that  strength  and 
pathology  phenotypes  can  be  improved  by  treatment  without 
overt  hormonal,  growth  or  immunosuppressive  effects.  VBP15 
merits  further  investigation  for  efficacy  in  clinical  DMD  trials, 
and  is  relevant  to  a  diverse  group  of  disorders  through  shared 
inflammation  or  membrane  injury  molecular  pathways.  By 
focusing  on  DMD  as  an  initial  indication,  we  benefit  from  having 
(i)  models  reproducing  the  ubiquitous  molecular  deficit  present 
in  all  patients,  and  (ii)  a  homogenous  patient  population  with 
strong  foundations  providing  national  clinical  trial  support. 
Movement  into  the  clinic  would  improve  treatment  of  human 
disease,  provide  further  mechanism  insight  and  provide  a 
template  for  future  drug  development.  With  a  molecular  profile 
relevant  to  diverse  disorders  and  DMD  amenable  to  neonatal 
screening,  VBP15  may  provide  an  excellent  opportunity  to 
develop  an  Orphan  disease  therapy  in  a  way  that  helps  larger 
groups  of  more  complex  disorders. 

MATERIALS  AND  METHODS 

NF-kB  inhibition 

C2C12  cells  stably  expressing  an  NF-kB  luciferase  reporter  were  cultured 
and  assayed  as  described  previously  (Baudy  et  al,  2009).  For  GR  antagonist 
experiments,  cells  were  treated  with  a  constant  concentration  of  drug 
(1  |jlM)  and  increasing  RU-486  (Sigma)  concentrations.  In  both  experi¬ 
ments,  cells  were  pretreated  with  drug  for  lh,  stimulated  with  TNFa 
(lOng/ml)  and  assayed  for  luciferase  activity  3h  later.  H2K  myoblasts 
were  cultured  with  gamma-interferon  at  33°C,  and  differentiated  into 
myotubes  in  six-well  plates  with  Matrigel  at  37°C.  Cells  were  plated  1E5 
per  well,  treated  with  drug  after  4  days  of  differentiation,  induced  with 
TNFa  24  h  later,  and  RNA  harvested  the  following  day. 

Pituitary  cell  assays 

For  pituitary  cell  line  experiments,  AtT-20/D16v-F2  cells  (ATCC)  were 
maintained  at  37°C,  5%  humidity  in  DMEM  with  10%  FBS.  In  Sgkl 


studies,  cells  were  plated  at6E5  per  well  overnight,  then  serum  starved 
in  six-well  plates.  After  48  h,  cells  were  drug  treated  for  6  h  then  lysed 
for  RNA.  For  ACTH  studies,  cells  were  plated  at  1.3E6  per  T25  flask  and 
treated  with  drug.  Media  and  drug  were  changed  daily  for  5  days,  then 
cells  were  counted  and  replated  in  six-well  plates.  Twenty-four  hours 
later,  media  was  collected  and  cells  lysed  for  RNA.  ACTH  secretion  was 
assessed  by  lumELISA  (Calbiotech). 

GR  mutant  assays 

CRnu"  cells  and  the  parental  L929  fibroblast  line  they  were  derived  from 
(Housley  &.  Forsthoefel,  1989)  were  cultured  in  DMEM  at  37°C.  Protein 
lysates  were  obtained  from  untreated  cells  using  RIPA  buffer,  separated 
on  4-15%  PAGE  gels,  and  transferred  to  nitrocellulose  membranes, 
which  were  immunoblotted  with  rabbit  polyclonal  anti-GR  (Santa 
Cruz)  and  rabbit  monoclonal  anti-GAPDH  (Cell  Signaling  Technology), 
followed  by  HRP-secondary  (Bio-Rad).  For  assays  of  GRE  and 
inflammatory  transcripts,  cells  were  treated  with  drug  for  24  h,  then 
stimulated  with  TNFa  (1  ng/ml)  for  an  additional  24  h,  lysed  for  RNA, 
and  assayed  by  qPCR. 

CRdim/dim  mjce  (Reichardt  et  a|_  1998)  were  obtained  from  the 
Deutsches  Krebsforschungszentrum  (German  Cancer  Research  Center). 
£Rdim/dim  ancj  type  contro|  (C57BL/6)  mice  were  maintained  in  an 
animal  facility  within  IACUC  guidelines  under  approved  protocols. 
Spleens  were  isolated  and  single  cell  suspensions  generated  through 
homogenization  and  lysis  of  red  blood  cells  using  ACK  lysis  buffer  (Lonza). 
Splenocytes  were  treated  with  drug  for  24  h,  then  stimulated  with  TNFa 
(10  ng/ml)  for  another  24  h.  RNA  was  extracted  from  splenocytes,  with 
analysis  of  GRE  and  inflammatory  transcripts  performed  by  qPCR. 

Real-time  qPCR 

cDNA  was  produced  using  the  High  Capacity  cDNA  Reverse  Transcription 
Kit  (ABI).Transcript  levels  were  analysed  via  TaqMan  qPCR  assays  (LifeTech). 
The  following  assays  were  used:  Sgkl,  Mm00441380_ml;  Pome, 
Mm00435874_ml;  Irfl,  Mm01288580_ml;  Cox2,  Mm03294838_ 
gl;  Nos  2,  Mm00440502_ml;  Tnfa,  Mm00443258_ml;  Ilia, 

Mm00439620_ml;  Nfkbia,  Mm00477800_gl;  116,  Mm00446190_ml. 
qPCR  was  performed  using  TaqMan  gene  expression  master  mix  and 
18s  rRNA  as  a  normalization  control  (ABI). 

Laser-mediated  wounding  of  live  cells 

C2C12  myoblasts  were  pretreated  with  drug  in  growth  media  for 
15  min.  Immediately  following  this,  cells  were  wounded  in  imaging 
media  (Hank’s  Balanced  Salts,  10  mM  HEPES,  pH  7.4)  containing  drug 
or  equivalent  vehicle,  2  mM  Ca2+  and  2  jjLg/ml  FM1-43  dye  (Molecular 
Probes  Inc.)  at  37°C.  Injuries  were  performed  with  a  pulsed  one-photon 
laser  (‘Ablate’,  Intelligent  Imaging  Innovations  Inc.)  and  a  custom 
built  Olympus  1X81  microscope  (Olympus  America).  Wounding  was 
performed  with  ablation  power  116  in  a  2  x  2  fjum2  for  all  injuries. 
Cells  were  imaged  at  2  s  intervals.  Initial  fluorescence  intensity  was 
measured  and  used  to  normalize  subsequent  time  points.  Fluorescence 
intensity  over  time  was  measured  within  cell  borders  using  SlideBook 
5.0  (Intelligent  Imaging  Innovations  Inc.). 

Receptor  binding  assays 

The  various  steroid  receptors  (GR,  MR,  ER,  AR  and  PR)  were  extracted 
and  incubated  with  a  constant  concentration  of  radiolabeled,  high- 
affinity  ligand.  Increasing  concentrations  of  unlabeled  VBP1,  VBP3, 
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VBP15  or  high-affinity  ligand  controls  (triamcinolone,  spironolactone, 
17-0-Estradiol,  methyltrienolone  or  Promegestone)  were  added  and 
the  percent  binding  of  radiolabeled  ligands  determined  to  gauge  the 
affinity  of  the  unlabeled  competitors  for  the  steroid  receptors. 

Animal  care  and  drug  dosing 

Two  separate  mdx  trials  were  performed  to  provide  repeatability  as  well 
as  contrasting  treatment  and  phenotyping  regimens.  The  larger  “pre- 
symptomatic”  mdx  trial  (78  mice  total)  is  presented  here  as  the  primary 
trial.  WT  (C57BL/10ScSnJ)  and  mdx  (C57BL/10ScSn-Dmd<mdx>/J) 
mice  were  obtained  from  Jackson  Laboratory  (Bar  Harbor,  ME).  All 
experiments  were  conducted  within  IACUC  guidelines  under  approved 
protocols.  PND15  was  chosen  as  the  trial  start  point  because  it  was  the 
earliest  age  prednisolone  could  confidently  be  safely  administered 
(Heine  &.  Rowitch,  2009;  Pinsky  &.  Digeorge,  1965).  At  this  point,  mice 
were  divided  into  groups  of  equally  matched  body  mass,  which  were 
then  blinded  to  both  drug  and  genotype  for  subsequent  phenotyping 
and  histology  experiments.  Treatment  groups  (n  =  12-14  per  group) 
consisted  of  WT  vehicle,  mdx  vehicle,  mdx  VBP15  (5,  15  or  30  mg/kg), 
and  prednisolone  (5  mg/kg).  Mice  received  daily  AM  dosing  via  cherry 
syrup  vehicle  at  1  juul  per  1  g  body  weight.  One  mouse  suffered  a  head 
injury  during  phenotyping  and  was  removed  from  subsequent 
experiments.  No  adverse  effects  from  drug  treatment  were  observed. 
Functional  phenotyping  was  performed  in  5-week-old  mice.  In  uiuo 
imaging  was  performed  in  6-7  week  old  mice.  At  8  weeks  of  age, 
terminal  assays  were  performed  and  tissues  harvested. 

A  separate  ‘adult’  mdx  trial  (48  mice  total)  was  performed  during 
lead  compound  identification  according  to  established  standard 
operating  procedures.  In  this  smaller,  open-label  study,  WT  and  mdx 
mice  (n  =  8  per  group)  received  daily  PM  oral  syrup  vehicle, 
prednisolone  (5  mg/kg)  or  VBP15  (5,  15  or  45  mg/kg).  All  mice  were 
subjected  to  30-min  run  on  horizontal  treadmills  at  12  m/min,  twice  a 
week  except  during  data  collection  to  unmask  the  mild  phenotype  of 
mdx  mice.  One  death  was  recorded  at  VBP15  45  mg/kg  body  weight. 
Mice  were  administered  drug  for  4  months  starting  at  6  weeks  of  age. 

Motor  function 

At  5  weeks  of  age,  mice  in  the  neonate  trial  were  assayed  for  motor 
function  via  grip  strength  measurement.  Strength  was  assessed  daily 
AM  for  5  days  using  a  grip  strength  meter  (Columbus  Instruments). 
Data  was  interpreted  as  maximum  daily  values  for  each  of  five  testing 
days  and  averaged  over  the  5  days.  Animals  were  acclimated  for  1  week 
prior  to  data  collection. 

Live  imaging 

Mice  were  anaesthetized  with  isoflurane,  and  cathepsin  caged  near- 
infrared  imaging  was  performed  on  6-8  mice  per  group  as  described 
previously  (Baudy  et  al,  2011).  Briefly,  mice  received  intraperitoneal  (IP) 
injections  of  ProSense  680  (Perkin-Elmer)  in  PBS  24  h  prior  to  imaging 
within  an  Optix  MX2  Imager  (ART).  Scans  of  uninjected  mice  were 
performed  to  obtain  baseline  optical  intensity  measurements.  Forelimb 
and  hindlimb  measurements  were  made  at  0.5  mm  resolution  and 
analysed  using  Optiview  software. 

Ex  uiuo  force  contractions 

At  trial  endpoint,  EDL  muscle  was  isolated  from  live  anaesthetized  mice 
and  placed  in  Ringer’s  solution  (137  mM  NaCI,  24  mM  NaHC03, 1  mM 


glucose,  5mM  KCI,  2mM  CaCI2,  ImM  MgS04,  ImM  NaH2P04  and 
0.025  mM  tubocurarine  chloride)  at  25°C  bubbled  with  95%  02  and 
5%  C02.  Contractile  properties  were  measured  ex  uiuo  according  to 
established  methods  (Brooks  &  Faulkner,  1988)  using  a  force  apparatus 
(model  305B,  Aurora  Scientific).  Drop  in  force  was  measured  after  10 
lengthening  contractions  where  each  muscle  was  stretched  over  10% 
of  its  length. 

Immunotoxicity  studies 

Peripheral  blood  was  obtained  via  retro-orbital  bleed.  Following 
sacrifice,  spleens  and  thymuses  were  harvested,  weighed,  and 
processed  to  generate  single  cell  suspensions  of  splenocytes  and 
thymocytes,  respectively.  Red  blood  cells  in  splenocytes  and  peripheral 
blood  were  lysed  with  3%  acetic  acid  +  methylene  blue  (Stem  Cell 
Technologies).  All  leucocytes  were  quantified  via  haemocyto meter.  For 
lympho-phenotyping  studies,  splenocytes  were  stained  for  FACS  with 
FITC-conjugated  anti-mouse  CD4,  PE-conjugated  anti-mouse  CD8,  or 
APC-conjugated  anti-mouse  B220  monoclonal  antibodies  (eBio- 
science).  For  CD4+  cell  activation  studies,  splenocytes  (5E5  per  well) 
were  stimulated  in  RPMI 1640+  10%  FBS  with  5  juug/m I  concanavalin  A 
(Sigma-Aldrich)  in  48-well  plates  for  72  h  at  37°C.  Following 
stimulation,  cells  were  stained  with  FITC-conjugated  anti-mouse 
CD4  and  APC-conjugated  anti-mouse  CD25  monoclonal  antibodies 
(eBioscience).  All  FACS  analyses  were  conducted  using  a  FACSCalibur 
(BD  Biosciences). 

Histology 

Paraffin  cross-sections  were  made  of  gastrocnemius,  heart  and 
diaphragm  muscles  and  stained  with  H&E.  For  gastrocnemius,  images 
were  analysed  in  Image  J  software  (NIH)  according  to  previously 
established  methods  (Spurney  et  al,  2009).  For  diaphragm,  full  tissue 
sections  were  scored  for  inflammation  by  a  trained  veterinary 
immunologist  blinded  to  drug  and  genotype. 

To  assay  fibrosis,  paraffin  embedded  muscles  were  cross-sectioned 
and  stained  with  Sirius  Red.  Tissue  was  imaged  with  a  4x  objective, 
digital  captures  were  made  with  Olympus  software,  and  fibrotic  signal 
quantified  using  Image  J  (NIH).  Blood  and  background  were  removed 
from  blinded  images  to  prevent  false  detection  of  tissue  and  percent 
signals  when  threshold  measurements  were  made  during  ImageJ 
quantitative  analysis.  The  percentage  fibrotic  tissue  was  calculated 
as  area  reaching  Sirius  Red  positive  thresholds  divided  by  total  tissue 
area  of  the  section. 

X-ray  and  microCT  analysis  of  bone 

Skeletons  were  harvested  at  trial  endpoint  and  stored  in  10%  formalin. 
X-rays  of  tibias  were  obtained  using  a  Cabinet  X-Ray  System  (Faxitron 
Model  43855)  with  exposure  at  50  kVp  for  1.5  min.  Magnification  error 
was  calculated  to  be  ±0.02  mm.  Images  were  scanned  and  tibia  lengths 
measured  in  Adobe  Illustrator  (v6.0)  at  2400%  zoom.  Measurements  of 
the  opposite  tibia  were  also  obtained  physically  with  digital  calipers 
during  dissection,  with  results  in  agreement  between  methods.  MicroCT 
analysis  was  performed  on  harvested  femurs  using  a  SkyScan  1172 
MicroCT  (Bruker,  Belgium).  Imaging  was  performed  at  40  kV  source 
voltage,  250  uA source  current,  295  ms  exposure  time,  and  0.4°  rotation 
step,  with  a  0.5  mm  aluminum  filter.  The  imaging  resolution  size  was 
6.2  urn.  Three-dimensional  reconstructions  were  performed  with 
Skyscan  NRecon  and  Dataviewer  software.  Trabecular  bone  was 


EMBO  Mol  Med  (2013)  5,  1569-1585 


42 

©  2013  The  Authors.  Published  by  John  Wiley  and  Sons,  Ltd  on  behalf  of  EMBO.  1581 


Research  Article 

VBP15  improves  muscular  dystrophy 


www.embomolmed.org 


The  paper  explained 


PROBLEM: 

Glucocorticoids  have  been  a  mainstay  in  medicine  since  their 
discovery  over  60  years  ago.  They  are  powerful  anti-inflamma¬ 
tory  drugs  used  to  treat  a  variety  of  conditions.  However,  due  to  a 
complex  mechanism  profile,  glucocorticoids  also  cause  harsh 
side  effects  such  as  brittle  bones,  muscle  wasting,  stunted 
growth,  adrenal  suppression  and  weight  gain.  Patients  and 
doctors  must  therefore  manage  their  net  positive  and  negative 
effects.  This  is  of  particular  importance  in  some  chronic  or 
paediatric  disorders,  where  lifelong  treatment  is  required  and 
patients  must  live  with  serious  side  effects.  DMD  is  a  lethal 
genetic  muscle  disease  for  which  glucocorticoids  are  the  current 
standard  of  care.  Though  glucocorticoids  produce  established 
improvements  in  DMD  patient  outcome  measures,  their  harsh 
side  effects  dramatically  affect  patients’  quality  of  life.  As  a 
result,  physicians  typically  delay  treatment  in  young  children 
until  well  after  disease  onset,  and  many  families  choose  to  stop 
treatment  even  though  there  is  no  alternative  currently  available 
in  the  clinic. 


RESULTS: 

The  discovery  that  glucocorticoids  possess  several  distinct  sub¬ 
activities  provides  an  intriguing  opportunity  to  produce  drugs 
that  stimulate  some  of  these  activities  while  avoiding  others.  We 
discover  VBP15  as  a  novel,  orally  administered  compound  that 


shares  specific  anti-inflammatory  effects  with  glucocorticoids 
and  also  acts  to  stabilize  cell  membranes.  Importantly,  we  also 
find  that  VBP15  avoids  specific  activities  established  to  cause 
glucocorticoid  side  effects.  Translating  these  findings  into  mice 
with  muscular  dystrophy,  we  find  that  both  preventive  and 
therapeutic  regimens  improve  muscle  strength  and  disease 
pathology.  Further,  this  efficacy  is  displayed  in  the  absence  of 
hormonal,  immunological  and  growth  side  effects  seen  in 
glucocorticoid  treated  mice. 

IMPACT: 

There  is  a  clear  need  for  improved  treatments  in  chronic 
inflammatory  diseases  such  as  DMD,  where  safer  drugs  would 
improve  quality  of  life  and  provide  justification  for  neonatal 
screening.  Data  here  confirms  that  small  molecules  can  be 
produced  which  separate  the  sub-activities  of  glucocorticoids 
towards  fulfilling  this  need.  VBP15  is  identified  as  the  lead 
compound,  which  is  actively  being  developed  towards  the  clinic. 
Excitingly,  proof-of-principle  data  shows  that  this  compound 
provides  efficacy  in  mice  with  muscular  dystrophy  while 
successfully  eliminating  important  side  effects.  This  provides 
new  insight  into  glucocorticoid  sub-activities,  and  demonstrates 
the  potential  to  replace  glucocorticoids  as  the  standard  of  care 
for  DMD  as  well  as  other  chronic  inflammatory  diseases. 


selected  for  analysis  by  a  polygonal  region  of  interest  within  the  centre 
of  femur,  starting  at  70  slices  (0.43  mm)  proximal  from  the  growth  plate 
and  extending  proximally  200  slices  (1.23  mm)  further.  Trabecular 
measurements  were  obtained  from  3D  analysis  of  the  selected  bone 
using  Skyscan  CT-analyzer  software. 

Statistical  analyses  for  animal  trials 

Unless  otherwise  noted,  normality  of  each  measurement  was  tested  via 
Shapiro-Wilk  normality  test  and  normally  distributed  measurements 
were  compared  between  mdx  treatment  groups  using  one-way  ANOVA. 
Measurements  that  were  not  normally  distributed  were  compared  with 
a  non-parametric  test.  For  efficacy  studies  where  mdx  treatment 
comparisons  showed  a  significant  overall  p-value,  post  hoc  linear  tests 
between  each  VBP15  dosage  group  and  vehicle  only  were  performed 
and  resulting  p-value  adjusted  for  multiple  testing  by  Sidak  method.  In 
side  effect  assays  where  comparisons  showed  a  significant  overall 
p-value,  a  Student’s  t- test  was  included  between  prednisolone  and 
vehicle  groups  for  normally  distributed  measurements. 

Author  contributions 

CRH  designed,  performed,  and  managed  in  vitro  experiments 
and  the  in  vivo  pre-symptomatic  trial,  analysed  data  from  both 
trials  and  wrote  the  paper.  JMD  designed  and  performed 


immunology  and  other  in  vivo  experiments,  analysed/inter¬ 
preted  data,  and  is  actively  participating  in  preclinical  VBP 
compound  development.  QY  performed  several  specialized 
mouse  imaging  experiments.  BCD  performed  dissection  and 
immunology  experiments  and  is  actively  participating  in 
preclinical  development.  TH  contributed  to  the  design  and 
interpretation  of  experiments,  and  helped  to  perform  in  vivo 
experiments.  JHVM  performed  specialized  in  vivo  muscle 
physiology  experiments.  AS,  BKM,  and  AP  performed  blinded, 
in  vivo  experiments  in  the  neonate  trial.  LS  performed  initial  in 
vitro  injury  experiments,  provided  training,  and  helped  to 
interpret  data.  JQ  and  KT  performed  blinded  histopathology 
experiments.  SJ  and  SD  designed  and  performed  in  vivo  adult 
preclinical  trial  experiments.  OCR  and  CA  designed  and  provided 
X-ray  imaging,  services,  instruction  and  data  processing  for 
X-ray  experiments.  MC  contributed  to  histology  experiment 
design  and  provided  automated  imaging,  blinding  and  randomi¬ 
zation.  HGD  performed  statistical  analyses  for  the  two  in  vivo 
trials.  JKJ  developed  the  live  cell  laser  injury  technology  at 
CNMC,  provided  the  core  equipment/services,  provided  fund¬ 
ing,  and  participated  in  experimental  design  and  analysis.  EMC 
and  JMM  are  responsible  for  identifying  and  developing  the 
VBP  compounds  towards  clinical  development.  EPH  provided 
mentorship,  funding,  input  into  experimental  design,  and  helped 
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to  write  the  paper.  EKMR  helped  to  identify  VBP15,  is  actively 
involved  in  preclinical  development,  contributed  to  data 
analysis/interpretation,  provided  mentorship  and  participated 
in  trial  and  experimental  design.  KN  contributed  greatly  to 
experimental  designs,  provided  mentorship,  funding,  data 
analysis/interpretation,  facilitated  the  in  vivo  preclinical  trials, 
and  helped  to  write  the  paper. 
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INTRODUCTION 

Duchenne  muscular  dystrophy  (DMD)  is  an  X-linked  progressive  muscular  dystrophy, 
caused  by  loss  of  the  dystrophin  protein  at  the  myofiber  membrane.1,2  Pharmacologic 
treatment  of  DMD  patients  with  glucocorticoids  can  improve  patient  strength  and  prolong 
ambulation,  with  concomitant  improvements  in  quality-of-life  scales.3-9  As  such, 
glucocorticoid  treatment  for  DMD  is  recommended  in  standard-of-care  guidelines,  and  as  an 
American  Academy  of  Neurology  practice  parameter.10-12  The  majority  of  trials  and 
treatment  recommendations  have  used  an  oral  dose  of  prednisone  at  0.75  mg/kg/d.  However, 
alternative  dosing  regimens  have  been  reported  as  changing  the  efficacy  versus  side-effect 
profiles,  including  weekend  dosing,13,14  lower  doses,15  and  alternative-day  doses  (10  mg/ 
kg/wk  divided  over  2  weekend  days).16-18  In  each  study,  a  goal  was  to  achieve  a  better 
balance  of  efficacy  (increased  strength  and  delay  of  disease  progression)  with  fewer  side 
effects  (bone  fragility,  weight  gain,  mood  changes).19-21  It  is  pertinent  to  note  that  muscle 
weakness  and  wasting  is  an  acknowledged  side  effect  of  chronic  glucocorticoid 
administration  in  many  indications,  such  as  critical  care  medicine,  and  is  the  most  common 
drug-induced  form  of  muscle  weakness.22  Glucocorticoids  have  a  direct  molecular  effect  on 
myofibers,  stimulating  the  catabolic  AKTl/FOXOl  pathway,  decreasing  protein  synthesis 
and  increasing  the  rate  of  protein  catabolism,  resulting  in  weakness  and  atrophy.23  Thus  it  is 
likely  that  DMD  patients  treated  with  glucocorticoids  show  the  clinical  outcome  of 
increased  muscle  strength  mitigated  to  some  extent  by  the  side  effect  of  muscle  catabolism. 
Clearly  any  effort  to  reduce  side  effects  such  as  weight  gain  and  short  stature  may  also  lead 
to  lessening  of  the  side  effect  of  muscle  weakness,  whereby  the  balance  would  then  be 
tipped  to  greater  efficacy. 
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Fluorinated  glucocorticoids,  such  as  dexamethasone,  are  considerably  more  potent,  with 
higher  affinity  to  the  glucocorticoid  receptor  (Fig.  1).  However,  these  tend  to  also  exacerbate 
side  effects,  and  are  generally  avoided  in  indications  of  chronic  use,  such  as  muscular 
dystrophy.  On  the  other  hand,  less  potent  nonfluorinated  varieties  of  glucocorticoids  have 
been  tried,  such  as  deflazacort.  Deflazacort  trials  in  DMD  have  suggested  similar  efficacy  to 
that  of  prednisone  (albeit  at  a  higher  dose),  with  an  improvement  in  some  side-effect 
profiles. 3,24-26 

FINDING  THE  OPTIMUM  REGIMEN  OF  CORTICOSTEROIDS  FOR  DMD  (FOR- 
DMD)  CLINICAL  TRIAL 

To  study  the  balance  of  efficacy  and  side  effects,  depending  on  steroid  type  (prednisone  vs 
deflazcort)  and  dosing  regimen  (daily  vs  10  days  on,  10  days  off),  the  FOR-DMD  trial  was 
designed  and  implemented.  FOR-DMD  is  a  multicenter,  double-blind,  parallel-group,  36-  to 
60-month  study,  comparing  3  corticosteroid  regimens  in  wide  use  in  DMD: 

•  Daily  prednisone  (0.75  mg/kg/d) 

•  Intermittent  prednisone  (0.75  mg/kg/d,  10  days  on,  10  days  off) 

•  Daily  deflazacort  (0.9  mg/kg/d). 

The  hypothesis  being  tested  is  that  daily  corticosteroids  (prednisone  or  deflazacort)  will  be 
of  greater  benefit  than  intermittent  corticosteroids  (prednisone)  in  terms  of  function  and 
subject/parent  satisfaction.  A  secondary  outcome  is  to  study  whether  daily  deflazacort  will 
be  associated  with  a  better  side-effect  profile  than  daily  prednisone. 

The  primary  outcome  variable  will  be  a  3 -dimensional  (multivariate)  outcome  consisting  of 
the  following  3  components  (each  averaged  over  all  postbaseline  follow-up  visits  through 
month  36):  (1)  time  to  stand  from  lying  (log-transformed),  (2)  forced  vital  capacity,  and  (3) 
subject/parent  global  satisfaction  with  treatment,  as  measured  by  the  Treatment  Satisfaction 
Questionnaire  for  medication. 

Secondary  outcome  variables  will  include  regimen  tolerance,  adverse  event  profile,  and 
secondary  functional  outcomes  including  the  6-minute  walk  test,  quality  of  life,  and  cardiac 
function.  The  analyses  will  be  adjusted  for  covariates,  namely  country/  region,  baseline  time 
to  stand  from  lying,  baseline  forced  vital  capacity  (FVC),  and  initial  weight  band.  A  sample 
size  of  100  subjects  per  group  (300  in  total)  will  provide  adequate  power  to  detect 
differences  that  are  thought  to  be  of  minimal  clinical  significance  between  any  2  of  the  3 
treatment  groups,  assuming  a  10%  rate  of  subject  withdrawal. 

The  trial  will  randomize  300  boys  aged  4  to  7  years  to  0.75  mg/kg/d  prednisone;  0.75  mg/ 
kg/d  prednisone  for  10  days  alternating  with  10  days  off;  or  0.9  mg/kg/d  deflazacort.  All 
boys  will  complete  a  minimum  3  years  (36  months)  treatment  period.  All  boys  entering  the 
trial  will  remain  on  the  study  drug  until  the  last  boy  completes  the  36  months  of  study;  this 
may  be  up  to  60  months. 

Eligible  boys  will  be  those  with  confirmed  DMD  (defined  as  male  with  clinical  signs 
compatible  with  DMD  and  confirmed  DMD  mutation  in  the  dystrophin  gene  [out-of-frame 
deletion  or  point  mutation  or  duplication]  or  absent/<3%  dystrophin  on  muscle  biopsy);  age 
at  least  4  years  and  under  8  years;  ability  to  rise  independently  from  the  floor;  willingness 
and  ability  of  parent  or  legal  guardian  to  give  informed  consent;  willingness  and  ability  to 
comply  with  scheduled  visits,  drug  administration  plan,  and  study  procedures;  and  ability  to 
maintain  reproducible  FVC  measurements. 
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The  study  is  funded  by  the  National  Institutes  of  Health  (Kate  Bushby  and  Robert  Griggs, 
study  Chairs),  and  will  begin  enrollment  in  2012. 

DEVELOPMENT  OF  DISSOCIATIVE  STEROIDS  FOR  DMD 

An  alternative  approach  to  optimizing  dosing  regimens  of  traditional  glucocorticoid  drugs  is 
to  change  the  chemistry  of  the  drug,  with  the  goal  of  broadening  the  therapeutic  window 
(increasing  efficacy  while  decreasing  side  effects).  Glucocorticoid  drugs  are  recognized  to 
have  2  subactivities:  serving  as  a  ligand  for  steroid  hormone  receptors,  and  nonreceptor- 
mediated  effects  on  plasma  membranes.  The  ligand/  receptor  complex  has  2  further 
subactivities:  transactivation  and  transrepression  properties.  Trans  activation  (also  termed 
cA-regulation)  is  the  best  characterized  molecular  response,  whereby  ligand/glucocorticoid 
receptor  complexes  translocate  from  the  cytoplasm  to  the  nucleus  and  then  interact  directly 
with  DNA  and  gene  promoters  (Fig.  2).  With  transactivation,  the  ligand/receptor  dimers 
typically  bind  to  a  DNA  sequence  motif  (glucocorticoid  response  elements  [GRE]),  and 
activate  transcription  of  the  nearby  gene  (hence  the  designation  “transactivation”).  Of 
importance,  there  is  increasing  evidence  that  the  trans activation  subactivity  is  associated 
more  with  side  effects  rather  than  with  drug  efficacy.27 

Clinical  efficacy,  on  the  other  hand,  is  increasingly  associated  with  the  second,  trans¬ 
repression  subactivity.  Transrepression  involves  ligand/receptor  interactions  with  other 
cellular  signaling  proteins,  such  as  nuclear  factor  (NF)-icB,  activator  protein  1,  and  STAT5 
complexes,  with  downstream  changes  in  cell  signaling,  and  more  indirect  effects  on  gene 
transcription  (non-GRE-mediated). 27,28  Transrepression  has  been  associated  with  anti¬ 
inflammatory  activity  and  clinical  efficacy. 

All  steroid  hormones,  including  glucocorticoids,  are  lipophilic,  and  readily  traverse  lipid 
bilayers  (cell  membranes).  Some  steroid  drugs  have  been  optimized  for  membrane  activities, 
such  as  the  lazaroids  (see  Fig.  1).  Lazaroids,  including  the  A-9,11  modification  thought  to 
block  binding  of  the  drug  to  the  receptor,  were  optimized  for  effects  on  cell  membranes 
(prevention  of  lipid  peroxidation),  and  tested  clinically  for  neuroprotection.29-31  In  DMD, 
there  are  well-documented  changes  in  myofiber  membrane  function  and  integrity,  and 
steroids  are  likely  to  modify  this  defect  (for  better  or  worse).  Consistent  with  this,  recent 
studies  of  lazaroids  in  myogenic  cells  in  culture32  and  ischemia/reperfusion  injury  in  vivo 
have  shown  benefit  of  lazaroid  drugs.33 

In  an  effort  to  improve  upon  glucocorticoid  therapy  for  DMD,  the  authors  studied  drugs  with 
the  A-9,11  chemistry  (see  Fig.  1).  The  goal  was  to  determine  whether  this  chemistry 
represented  a  dissociative  steroid  (eg,  separation  of  the  transactivation  [side  effects]  and 
transrepression  [efficacy])  (see  Fig.  2).  A  A-9,11  drug,  anecortave,  did  in  fact  bind  the 
glucocorticoid  receptor,  albeit  at  lower  affinity  than  pharmacologic  glucocorticoids.34  Of 
importance,  the  ligand/glucocorticoid  receptor  complex  was  found  to  translocate  to  the 
nucleus,  but  showed  no  activity  in  binding  to  GRE  elements  and  activating  GRE-mediated 
gene  transcription.  Thus,  the  A-9,11  drug  appeared  to  have  lost  the  transactivation 
subactivity  associated  with  many  deleterious  side  effects  (see  Fig.  2). 

To  determine  whether  the  A-9,11  drug  retained  transrepression  (the  subactivity  associated 
with  glucocorticoid  efficacy),  the  authors  studied  anti-inflammatory  effects  using  NF-icB 
reporter  assays.35  NF-icB  inhibitory  activity  was  found  to  be  retained  by  the  A-9,11  drug,  at 
a  potency  similar  to  that  of  prednisone.34  We  were  also  interested  in  the  effects  of  the  drugs 
on  the  phospholipids  that  make  up  the  membrane.  Phospholipid  bilayers  have  a  hydrophilic 
head  on  the  inner  and  outer  walls  of  the  membrane  and  hydrophobic  tails.  Lipids  such  as 
cholesterol  are  known  to  compress  head  groups,  strengthen  the  bilayer,  and  decrease 
permeability  when  incorporated  into  a  lipid  bilayer.  Indeed,  our  delta  9,11  steroids  exert  a 
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similar  and  more  profound  effect  on  phospholipid  bilayers  than  either  prednisolone  or 
cholesterol.  The  D-ring  functionality  (17-hydroxy-20-keto-21 -hydroxy)  orients  within  the 
phospholipid  head  groups  while  the  hydrophobic  ABC  and  most  of  the  D  ring  orients  in  the 
lipid  core.  Since  the  C-17  C-20  bond  can  rotate,  our  compounds  are  operationally  cone-like 
wedges  in  the  phospholipid.  They  compress  the  head  groups  and  decrease  permeability 
while  disordering  the  hydrophobic  core  which,  among  other  things,  protects  against  lipid 
peroxidation  by  decreasing  the  repeat  number  in  lipid  peroxidation  chain  reactions.  This 
phenomenon  for  the  delta  9,1 1  steroids  has  been  described.36  These  result  encouraged  the 
authors  to  conduct  a  preclinical  study  of  the  dystrophin-deficient  mdx  mouse  model  of 
DMD.  Evidence  of  efficacy  in  vivo  was  found,  whereby  daily  oral  delivery  of  A-9,11 
analogue  reduced  muscle  inflammation  and  improved  multiple  functional  assays.  Of  note, 
no  side  effects  of  reductions  in  body  weight  or  spleen  size  seen  with  prednisone  treatment 
were  observed,  suggesting  that  the  A-9,1 1  drug  had  indeed  lost  side  effects.  These  data 
suggest  that  the  A-9,1 1  chemistry  holds  promise  as  a  dissociative  steroid,  with  retention  of 
efficacy  via  transrepression,  and  loss  of  side  effects  via  reductions  in  trans activation 
subactivities.  Current  studies  are  focused  on  testing  a  series  of  A-9,11  compounds  to 
optimize  the  potency,  bioavailability,  and  toxicity  profiles  (lead  compound  selection),  as 
well  as  testing  of  the  optimized  lead  compound  in  animal  models  of  multiple  chronic 
inflammatory  conditions,  including  other  types  of  muscular  dystrophy. 

SUMMARY 

DMD  is  among  the  most  common  of  the  muscular  dystrophies,  leading  to  shortened  life 
span  and  considerable  disability.  Glucocorticoids  are  considered  the  standard  of  care,  yet 
dose  regimens  have  not  been  optimized,  and  the  balance  of  efficacy  and  side  effects  for 
specific  types  of  glucocorticoids  requires  further  study.  The  FOR-DMD  trial  promises  to 
shed  light  on  dose  optimization,  as  well  as  the  therapeutic  window  of  prednisone  versus 
deflazacort.  An  alternative  approach  to  optimizing  currently  available  steroid  regimens  is  to 
develop  new  drugs  that  are  able  to  broaden  the  therapeutic  window  (increased  efficacy  with 
decreased  side  effects).  Initial  studies  of  A-9,11  modifications  of  the  steroid  backbone 
suggests  that  this  chemistry  produces  a  dissociative  steroid,  whereby  anti-inflammatory 
activity  is  retained  (transrepression)  and  membrane  stabilization  properties  enhanced,  while 
side  effects  are  mitigated  (loss  of  transactivation  subactivity).  Current  studies  are  focusing 
on  lead  compound  optimization  using  trans  activation  and  membrane  stability  assays. 
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KEY  POINTS 

•  Current  standard  of  care  of  Duchenne  muscular  dystrophy  (DMD)  includes 
pharmacologic  treatment  with  oral  glucocorticoids. 

•  Gains  in  strength  and  slowed  progression  of  disease  afforded  by  glucocorticoids 
are  offset,  in  part,  by  the  wide  range  of  side  effects  of  drug  treatment. 

•  Dose  optimization  studies  are  limited,  and  new  larger  clinical  studies  are  needed 
to  best  balance  efficacy  and  side  effects  (therapeutic  window),  as  are  studies  of 
glucocorticoid  alternatives  to  prednisone. 

•  The  FOR-DMD  trial  funded  by  the  National  Institutes  of  Health  is  under  way  to 
compare  different  dose  regimens  and  types  of  glucocorticoids  (prednisone, 
deflazacort). 

•  A  novel  dissociative  steroid,  a  A-9,1 1  drug,  is  under  clinical  development  for 
DMD.  This  drug  promises  to  broaden  the  therapeutic  window  and  reduce  side- 
effect  profiles. 
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Fig.  1. 

Chemical  structures  of  glucocorticoids  and  dissociative  steroids.  The  arrow  indicates  the 
position  of  the  key  9,11  alterations  distinguishing  classic  glucocorticoids  (prednisone, 
dexamethasone)  from  dissociative  steroids  (A-9,11  analogues). 
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Fig.  2. 

Molecular  action  of  glucocorticoids  and  dissociative  steroids.  Classic  pharmacologic 
glucocorticoids  have  anti-inflammatory,  membrane  fluidity,  and  glucocorticoid  response 
element  (GRE)-mediated  transcriptional  activities.  Dissociative  steroids  retain  membrane 
and  anti-inflammatory  subactivities  associated  with  efficacy,  but  do  not  retain  the  GRE- 
mediated  transcriptional  activities  associated  with  side-effect  profiles.  GR,  glucocorticoid 
receptor. 
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ARTICLE  INFO  ABSTRACT 


A9,ll  modifications  of  glucocorticoids  (21-aminosteroids)  have  been  developed  as  drugs  for  protection 
against  cell  damage  (lipid  peroxidation;  lazaroids)  and  inhibition  of  neovascularization  (anecortave).  Part 
of  the  rationale  for  developing  these  compounds  has  been  the  loss  of  glucocorticoid  receptor  binding  due 
to  the  A9,ll  modification,  thus  avoiding  many  immunosuppressive  activities  and  deleterious  side  effect 
profiles  associated  with  binding  to  glucocorticoid  and  mineralocorticoid  receptors.  We  recently  demon¬ 
strated  that  anecortave  acetate  and  its  21 -hydroxy  analog  (VBP1)  do,  in  fact,  show  glucocorticoid  and 
mineralocorticoid  receptor  binding  activities,  with  potent  translocation  of  the  glucocorticoid  receptor 
to  the  cell  nucleus.  We  concluded  that  A9,ll  steroids  showed  novel  anti-inflammatory  properties,  retain¬ 
ing  NF-kB  inhibition,  but  losing  deleterious  glucocorticoid  side  effect  profiles.  Evidence  for  this  was 
developed  in  pre-clinical  trials  of  chronic  muscle  inflammation.  Here,  we  describe  a  drug  development 
program  aimed  at  optimizing  the  A9,ll  chemistry.  Twenty  A9,ll  derivatives  were  tested  in  in  vitro 
screens  for  NF-kB  inhibition  and  GR  translocation  to  the  nucleus,  and  low  cell  toxicity.  VBP15  was 
selected  as  the  lead  compound  due  to  potent  NF-kB  inhibition  and  GR  translocation  similar  to  prednisone 
and  dexamethasone,  lack  of  transactivation  properties,  and  good  bioavailability.  Phamacokinetics  was 
similar  to  traditional  glucocorticoid  drugs  with  terminal  half-life  of  0.35  h  (mice),  0.58  h  (rats),  5.42  h 
(dogs),  and  bioavailability  of  74.5%  (mice),  and  53.2%  (dogs).  Metabolic  stability  showed  ^80%  remaining 
at  1  h  of  VBP6  and  VBP15  in  human,  dog,  and  monkey  liver  microsomes.  Solubility,  permeability  and 
plasma  protein  binding  were  within  acceptable  limits.  VBP15  moderately  induced  CYP3A4  across  the 
three  human  hepatocyte  donors  (24-42%),  similar  to  other  steroids.  VBP15  is  currently  under  develop¬ 
ment  for  treatment  of  Duchenne  muscular  dystrophy. 
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1.  Introduction 

A9,ll  Glucocorticoids  (21-aminosteroids)  were  designed  and 
developeddio  stably  incorporate  into  cell  membranes  and  inhibit  li¬ 
pid  peroxidation  without  glucocorticoid  or  mineralocorticoid 
activities,  thus  avoiding  side  effects  associated  with  traditional  cor¬ 
ticosteroids.1  A  few  A9,ll  steroids  brought  to  clinical  trials  were 
Lazaroids  and  Anecortave.  Lazaroids  have  extensive  hydrophilic 
head  groups  designed  to  optimize  stability  in  membranes  and  lipid 
peroxidation  inhibitory  activities  (Fig.  1).  Randomized  controlled 
6o  trials  of  tirilazad  mesylate  in  acute  spinal  cord  injury,2,3  and  in 
stroke4"6  showed  good  safety  profiles,  but  failed  to  show  clear 
evidence  of  efficacy.  Pre-clinical  work  in  additional  indications 
continues,  including  multiple  wound  states  and  lung  disease.7"9 
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Anecortave  was  developed  for  inhibition  of  neo-vascularization 
in  age-related  macular  degeneration  as  a  molecule  that  lacked 
immunomodulatory  glucocorticoid  activity.10,11  The  mechanism 
of  action  is  thought  to  be  through  inhibition  of  proliferation  of  vas¬ 
cular  endothelial  cells,  inhibition  of  uPA  and  matrix  metallopro¬ 
teinase  3,  and  stimulation  of  plasminogen  activator  inhibitor-1.11 
Controlled  clinical  trials  of  posterior  juxtascleral  depot  (delivered  70 
at  6  month  intervals)  showed  no  safety  issues,  but  marginal  clinical 
benefit.12,13  More  recently,  blinded  controlled  trials  of  anecortave 
in  steroid-induced  elevated  intraocular  pressure  (IOP)  have  been 
carried  out,  with  similar  results  of  good  safety  profile.14  The  best 
dose  of  anecortave  acetate  showed  a  31%  reduction  in  IOP  and  this 
benefit  lasted  a  mean  duration  of  56  days  from  a  single 
administration.15,16 

Previous  drug  development  programs  pursuing  lazaroids  and 
anecortave  as  prototype  A9,ll  glucocorticoids  (21-aminosteroids) 
have  assumed  that  the  A9,ll  modification  inhibited  drug  binding  so 
to  the  glucocorticoid  receptor  (GR)  and  mineralocorticoid  receptor 
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Figure  1.  Structures  and  synthesis  of  A9,ll  compounds.  Panel  A:  Shown  are  two  previously  developed  A9,ll  steroids  (Anecortave,  Tirilizad),  and  the  lead  compound 
identified  in  the  current  study  (VBP15).  The  A9,l  1  bond  distinguishing  these  drugs  from  other  steroidal  compounds  is  shown  by  the  black  arrows.  The  lower  panel  shows  the 
chemical  modifications  to  the  chemical  backbone.  The  Rl,  R2,  and  R3  residues  shown  are  those  that  were  chemically  modified  with  alternative  chemical  structures  (see  red 
box).  Panel  B:  The  synthesis  of  VBP15  that  is  pictured  is  typical  for  the  synthesis  of  analogs  in  this  series,  (a)  TMS  imidazole,  MeMgCl,  THF;  (b)  CuAc2,  H20,  DMPU,  MeMgCl, 
THF;  (c)  peracetic  acid,  toluene,  -10  °C;  (d)  NaHS03,  TFA;  (e)  EtOAc,  heptanes;  (f)  acetonitrile  trituaration;  (g)  HBr,  HC2C12,  40  °C;  (h)  MeOH  crystallization;  (i)  I<2C03,  MeOH, 
followed  by  HCL  and  crystallization  from  MeOH/H20. 


(MR).  This  assumption  was  based  largely  on  the  lack  of  efficacy  of 
the  drugs  in  inhibiting  LPS-induced  inflammation  in  pre-clinical 
models— traditional  glucocorticoids  are  impressively  effective  at 
blocking ^lipopolysaccharide  (LPS)-induced  acute  inflammation.10 
However,  we  recently  showed  that  both  anecortave  acetate  and 
its  21 -hydroxy  analog  (VBP1)  showed  relatively  high  affinity  bind¬ 
ing  to  both  the  GR  and  MR.17  The  A9,l  1  drugs  induced  GR  translo¬ 
cation  from  the  cell  cytoplasm  to  cell  nucleus,  shown  by  both 
reporter  and  immunostaining  assays,  again  suggesting  effective  li¬ 
gand/receptor  interactions.  Nuclear  translocation  of  steroid  hor¬ 
mone  receptors  is  a  hallmark  of  classic  glucocorticoid 
transcriptional  activity,  and  is  necessary  for  downstream  activa¬ 
tion  of  gene  promoters  via  binding  of  ligand/receptor  complexes 
to  glucocorticoid  response  elements  (GREs).  However,  neither 
A9,ll  drug  showed  significant  GRE-mediated  transcriptional 


activities,  either  by  mRNA  microarray,  targeted  RT-PCR,  or  lucifer- 
ase  reporter  constructs.17  On  the  other  hand,  both  drugs  retained 
anti-inflammatory  activity  via  inhibition  of  NF-kB  pathways,  and 
showed  efficacy  in  inhibiting  inflammation  in  vivo  in  two  mouse 
models  of  chronic  inflammation  in  muscle  (dystrophin-deficient 
mdx  and  dysferlin-deficient  SJL  mice).17  The  discrepancy  between 
previous  findings  of  lack  of  anti-inflammatory  activity,  and  our 
findings  of  retention  of  anti-inflammatory  activity  may  be  ex¬ 
plained  by  the  assays  utilized.  For  example,  McNatt  et  al.  studied 
an  acute  model  of  LPS-induced  IL-1  induction,  where  anecortave 
failed  to  induce  IL-1,  whereas  glucocorticoids  were  effective  in 
induction.10  Our  studies  focused  on  in  vitro  assays  of  NF-kB  inhibi¬ 
tion  and  models  of  chronic  immunity  not  utilizing  LPS.17 

Here,  we  queried  the  chemical  space  around  the  A9,ll  steroid 
backbone,  optimizing  for  anti-inflammatory  properties  (NF-kB 
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inhibition  and  GR  nuclear  translocation).  The  lead  compound, 
VBP15,  shows  excellent  drug  properties,  and  is  in  development 
for  Duchenne  muscular  dystrophy  as  the  initial  indication. 

2.  Materials  and  methods 

2.1.  Chemistry 

All  compounds  were  synthesized  by  Bridge  Organics  Co.  (Kala¬ 
mazoo,  Michigan).  Systematic  (IUPAC)  names:  Anecortave  ^[2- 
[(8R,1 0S,1 3S,14R,1 7R)-1 7-hydroxy-l  0,1 3-dimethyl-3-oxo- 
120  2,6,7,8,12,14,15,16-octahydro-lH-cyclopenta[a]phenanthren-17- 
yl]-2-oxo-ethyl]  acetate).  Tirilazad  ((16a)-21-[4-(2,6-dipyrrolidin- 
1  -ylpyrimidin-4-yl)piperazin-l  -yl]-l  6-methylpregna-l  ,4,9(  11)- 
triene-3,20-dione).  Additional  chemical  structures  studied  are  de¬ 
scribed  in  Table  1. 

Traditional  glucocorticoids  have  an  1 1 -beta-hydroxy  or  an  11- 
keto  group  whereas  we  used  a  double  bond  between  carbons  9 
and  11,  leading  to  a  A9,ll  C  ring  as  the  backbone,  then  developed 
a  series  of  chemical  entities  on  this  backbone  (Fig.  1,  Panel  A;  Table 
1).  These  scaffolds  are  not  oxidatively  metabolized  to  11 -beta  hy- 
130  droxy  compounds,  and  should  have  less  off-target  effects  related 
to  active  metabolites.  We  varied  the  D  ring  of  the  steroid,  probing 
the  effect  of  different  lipophilic  groups  at  Cl  6  and  either  hydroxy 
or  hydrogen  at  Cl  7.  Twenty  compounds  were  synthesized  in  the 
VBP  series  of  A9,ll  compounds  varying  in  structure  at  the  three 
positions  (Rl,  R2,  R3)  (Fig.  1;  Table  1). 

The  process  begins  with  commercially  available  steroid  3TR  ( 
Fig.  1 ;  Panel  B).  Copper  catalyzed  Michael  addition  of  MeMgCl  with 
TMSC1  through  a  1,4  addition  introduced  a  16-alpha  methyl  group 
to  give  silyl  enol  ether  2  with  93%  purity  by  hplc/ms  and  in  nearly 
mo  quantitative  yield.  The  product  was  isolated  as  a  toluene  slurry 
which  was  oxidized  with  32%  by  weight  peracetic  acid  in  acetic 
acid  to  yield  intermediate  3  which  was  not  isolated  but  was  con¬ 
verted  to  compound  4  as  a  powder  that  precipitated  from  JEtOAc / 
heptane  trituration  in  60%  yield  from  3TR  and  with  86%  purity.  In 
order  to  remove  a  small  amount  of  the  delta  9,1 1  epoxide,  com¬ 
pound  4  was  treated  with  HBr  in  methylene  chloride.  Yield  from 
the  HBr  treatment  after  MeOH/water  crystallization  was  90%  with 
97%  purity  and  an  overalfyield  from  3TR  of  54%.  Finally,  the  acetate 
of  compound  4  is  removed  by  I<2C03  hydrolysis.  Methanol/water 
150  crystallization  of  VBP1 5  gave  a  79%  yield  with  98.3%  purity.  Overall 


yield  from  3TR  is  43%.  Purity  is  assigned  by  hplc/ms.  Structure  was 
confirmed  by  proton  and  carbon  NMR. 

2.2.  NF-kB  screen 

C2Ci2  skeletal  muscle  cells  stably  transfected  with  a  luciferase 
reporter  construct  regulated  under  NF-kB  response  element 
(Panomics,  Fremont,  CA)  were  used  for  screening  NF-kB  inhibitors, 
as  we  have  previously  described.18  Myoblasts  and  myotubes  grown 
in  growth  and  differentiating  medium  respectively  were  pre¬ 
treated  with  various  concentrations  (vehicle  [DMSO];  Q.01- 
100  pg/ml)  of  the  drugs  for  a  24Ji  duration  before  stimulating  with  teo 
tumor  necrosis  factor-a  (TNF-oe)  (10  ng/ml)  for  another  24  h.  After 
the  completion  of  incubation,  cells  were  washed  once  with  PBS  and 
lysed  with  cell  lysis  buffer  to  measure  luciferase  activity  (Promega 
Corp,  Madison,  WI)  using  Centro  LB  960  luminometer  (Berthold 
technologies,  GmbH  &  Co,  Bad  Wildbad,  Germany)  and  EC50  values 
are  calculated  for  each  compound. 

2.3.  Cell  viability 

Cell  viability  was  determine  by  MTT  assay  (3-[4,5  dimethylthi- 
azol-2-yl]-2, 5-diphenyl  tetrazolium  bromide)  (Sigma,  St.,  Louis, 
Missouri)  as  per  manufacturer’s  protocols.  Percent  cell  viability  170 
was  calculated  relative  to  untreated  cells,  whereas  relative  lumi¬ 
nescence  units  with  TNF-a  stimulation  in  the  absence  of  drugs 
were  considered  as  100%  percent.  Data  are  represented  as  %  inhibi¬ 
tion  relative  to  TNF-a  induced  NF-kB  activation.  Significance  was 
calculated  using  a  one-way  repeated  measure  ANOVA  to  determine 
if  there  is  an  effect  of  drug  concentration  on  cell  viability. 

2.4.  Nuclear  translocation  assays 

Translocation  assays  were  performed  by  DiscoveRx  (Fremont, 

CA)  using  GR  Nuclear  Translocation  PathHunter  cells  (DiscoveRx; 
Fremont,  CA).  This  assay  is  based  on  the  detection  of  protein-pro-  iso 
tein  interactions  between  the  GR  and  a  nuclear  fusion  protein  con¬ 
taining  steroid  receptor  co-activator  peptide.  The  receptor  is 
tagged  with  the  ProLink  component  of  enzyme  fragment  comple¬ 
mentation  assay  system  and  the  steroid  receptor  co-activator  pep¬ 
tide  (SRCP)  is  fused  to  the  enzyme  acceptor  component.  When  the 
receptor  is  bound  by  ligand  it  translocates  to  the  nucleus  where  it 


Table  1 

Chemical  structures  of  compounds  tested 


VBP# 

A 

16 

17 

21 

NF-kB  inhibition  EC50  (M) 

Rank  NF-kB 

GR  nuclear  translocation  (%) 

Rank  GR  translocation 

Sum  rank 

Pred/Dex 

1.67E-08 

1 

100.00 

1 

2 

6 

Delta  1,4 

ch3 

H 

OH 

5.64E-08 

3 

54.20 

4 

7 

15 

Delta  1,4 

ch3 

OH 

OH 

6.59E-08 

6 

80.40 

2 

8 

7 

Delta  1,4 

ch3 

H 

OAc 

5.41  E-08 

2 

48.80 

7 

9 

1 

Delta  4 

H 

OH 

OH 

6.29E-08 

5 

49.20 

6 

11 

16 

Delta  1,4 

Beta  CH3 

OH 

OH 

6.23E-08 

4 

44.50 

8 

12 

2 

Delta  1,4 

H 

OH 

OH 

1.29E-07 

9 

57.60 

3 

12 

3 

Delta  4 

H 

OH 

Oac 

2.12E-07 

10 

51.50 

5 

15 

41 

Delta  1,4 

Ethyl 

H 

OH 

8.95E-08 

7 

27.00 

11 

18 

17 

Delta  4 

ch3 

H 

Dipropylamino 

7.23E-07 

13 

37.70 

9 

22 

11 

Delta  4 

H 

OH 

Morpholino 

1.74E-06 

15 

28.70 

10 

25 

5 

Delta  1,4 

ene 

ene 

OAc 

9.36E-08 

8 

15.30 

18 

26 

13 

Delta  4 

H 

OH 

Dipropylamino 

4.35E-07 

11 

21.80 

15 

26 

10 

Delta  4 

H 

OH 

Pyrrolidine 

1.85E-06 

16 

24.70 

12 

28 

4 

Delta  1,4 

ene 

ene 

OH 

4.95E-07 

12 

16.70 

17 

29 

18 

Delta  4 

ch3 

H 

Pyrrolidine 

9.88E-07 

14 

19.90 

16 

30 

14 

Delta  4 

ch3 

H 

Morpholino 

5.24E-06 

17 

22.70 

14 

31 

9 

Delta  4 

H 

OH 

N-Me  Piperazine 

5.78E-06 

18 

23.50 

13 

31 

12 

Delta  4 

Me 

H 

N-Me  Piperazine 

>le-5 

21 

14.70 

19 

40 

59 

Delta  4 

nButyl 

H 

OH 

>le-5 

21 

8.50 

20 

41 

58 

Delta  1,4 

nButyl 

H 

OH 

>le-5 

21 

6.90 

21 

42 

60 
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recruits  the  SRCP  and  complementation  occurs  producing  a  chemi¬ 
luminescent  signal.  A  ten  point  agonist  dose  curve,  ranging  from 
1  10“5jto  1.69^<  10-loJVI  was  performed  on  all  VBP  compounds. 

190  Dexamethasone  was  performed  in  parallel  as  the  standard  refer¬ 
ence  control.  Percentage  activity  is  calculated  using  the  following 
formula:  %  Activity^  100%  x  (Mean  Relative  Light  Units  [RLU]  of 
test  sample— mean  RLU  of  vehicle  control )/( mean  MAX  RLU  control 
ligand— paean  RLU  of  vehicle  control)).  EC50  is  calculated  for  all  the 
compounds. 

2.5.  Transactivation  assays 

HEK-293  cells  stably  transfected  with  a  luciferase  reporter  con¬ 
struct  regulated  under  glucocorticoid  response  element  (GRE) 
(Panomics,  Fremont,  CA)  were  grown  according  to  manufacturer’s 
200  instructions.  Cells  were  treated  with  various  concentrations  (0.01 
to  100  pg/ml)  of  the  drug  for  6  h.  Cells  were  washed  once  with 
PBS  and  lysed  with  cell  lysis  buffer  to  measure  luciferase  activity 
(Promega  Corp,  Madison,  WI)  using  Centro  LB  960  luminometer 
(Berthold  technologies,  GmbH  &  Co,  Bad  Wildbad,  Germany). 

2.6.  Pharmacokinetics 

Pharmacokinetic  studies  were  carried  out  at  Pharmaron  (US 
headquarters  6  Venture,  Suite  250,  Irvine,  CA  92618;  work  per¬ 
formed  in  Pharmaron-Beijing,  6  Taihe  Road,  BDA  Beijing, 
100176).  Mice  were  purchased  from  Huafukang  Bioscience,  Beijing, 
210  China.  Dogs  were  purchased  from  Marshall  Inc.,  Beijing,  China. 
Monkeys  were  purchased  from  Hainan,  Inc.,  Jinggang,  China  and 
Guangxi  Inc.,  Guidong  China. 

2.6.1.  Analysis 

All  analyses  were  conducted  on  a  Shimadzu  liquid  chromato¬ 
graph  separation  system  equipped  with  degasser  DGU-20A3,  sol¬ 
vent  delivery  unit  LC-20AD,  system  controller  CBM-20A,  column 
oven  CTO-1 0ASVP  and  CTC  Analytics  HTC  PAL  System.  .  Samples 
were  loaded  onto  a  Phenomenex  Luna  5p  C18  (2)  ^2.0  x  50  mm) 
coupled  with  a  preguard  column  with  a  mobile  phase  of  0.1%  for- 
220  mic  acid  in  acetonitrile  (A)  and  0.1%  formic  acid  in  water.  Mass 
spectrometric  analysis  was  performed  using  an  API  4000  instru¬ 
ment  from  AB  Inc  (Canada)  with  an  ESI  interfaceThe  data  acquisi¬ 
tion  and  control  system  were  created  using  Analyst  1.5  software 
from  ABI  Inc. 

2.6.2.  Mouse 

CD1  mice  (n  =  3/drug)  were  injected  via  tail  vein  with  a  solution 
of  10  mg/kg  VBP6  (10%  ethanol  and  40%  PEG400;  pH  7.0)  or  10  mg/ 
kg  VBP15  (10%  ethanol,  10%  DMSO,  and  30%  PEG400;  pH  7.0).  Oral 
administration  (PO)  was  conducted  by  feeding  CD1  mice  (n  =  3/ 
230  drug)  an  aqueous  emulsion  of  either  VBP6  or  VBP1 5  in  30%  Labrafil. 
Blood  samples  were  taken  at  0-,  5-,  15-,  30  min  and  1-,  2-,  4-,  8-, 
and  24  h. 

2.6.3.  Dog  and  rat 

Sprague-Dawley  rats  (n  =  3)  were  intravenously  injected  with  a 
solution  of  10  mg/kg  VBP15  (10%  ethanol,  10%  DMSO  and  30% 
PEG400;  pH  7.0).  Beagle  dogs  (n  =  3)  were  intravenously  injected 
with  a  solution  of  10  mg/kg  W3P15  (8%  ethanol,  8%  DMSO,  50% 
PEG400  and  34%  HP-p-CD  (20%W/V  in  water).  Oral  administration 
for  SD  rats  (n  =  3)  and  beagles  (n  =  3)  was  conducted  by  feeding  an 
240  emulsion  of  VBP15  in  30%  Labrafil.  Blood  samples  were  taken  at  0- 
5-,  15-,  30  min  and  1-,  2-,  4-,  8-,  and  24  h. 

2.7.  Metabolic  stability 

Stability  studies  were  conducted  by  Pharmaron  using  liver 
microsomes  from  human,  monkey,  dog,  rat  and  mice.  Either  VBP 


compound  or  positive  control  (Verapamil)  was  added  to  micro¬ 
somal  solutions  at  a  final  concentration  of  ^pM  VBP  compound, 

0.5  mg/mL  microsomes,  ^mM  MgCl2  and  5  mM  PBS.  The  reaction 
was  started  with  the  addition  NADPH  solution  at  a  final  concentra¬ 
tion  of  1  mM  and  carried  out  at  ^7  °C.  H20  was  used  instead  of 
NADPH  solutions  in  the  negative  control.  Aliquots  were  taken  from  250 
the  reaction  solution  at  0  and  60  min.  The  reaction  was  stopped  by 
the  addition  of  3  volume  of  cold  methanol.  Aliquots  of  the  superna¬ 
tant  were  used  for  LC/MS/MS  analysis  for  metabolite  analysis  and 
identification  was  performed  as  described  above. 

2.8.  CYP  induction 

CYP1 A2  and  CYP3A4  induction  studies  were  conducted  by  Phar¬ 
maron.  Cryopreserved  human  liver  microsomes  from  3  donors 
(separate  incubations)  were  obtained  commercially  from  CellzDi- 
rect  (Invitrogen).  Hepatocytes  were  cultured  on  a  collagen  substra¬ 
tum  for  three  days  prior  to  study  initiation  according  to  260 
manufacturer’s  instructions.  Hepatocyte  cultures  were  treated  dai¬ 
ly  with  fresh  media  containing  1-,  10-,  and  100  pM  VBP15,  vehicle 
(negative  control)  or  appropriate  positive  control  (rifampin  for 
CYP3A4  and  omeprazole  for  CYP1A2).  24-h  after  the  final  treat¬ 
ment,  CYP3A4  and  CYP1A2  activity  was  determined  using  the 
FDA  recommended  probe  substrates  testosterone  and  phenacetin 
respectively.  Assay  analysis  was  conducted  via  LC/MS/MS.  The  per¬ 
centage  inductions  relative  to  positive  control  were  calculated.  A 
greater  than  40%  of  positive  control  in  any  one  of  the  three  donors 
for  a  CYP  was  considered  a  potential  inducer  of  that  CYP.  270 

3.  Results 

3.1.  In  vitro  screening  of  VBP  compounds  for  NF-kB 
transrepression  and  GR  nuclear  translocation 

We  screened  the  20  compounds  for  their  ability  to  inhibit  NF- 
kB  using  a  luciferase  reporter  construct  stably  transfected  into 
C2Ci2  myogenic  cells.18  Both  undifferentiated  myoblasts,  and  dif¬ 
ferentiated,  multi-nucleated  myotubes  were  studied.  VBP  com¬ 
pounds  were  able  to  inhibit  TNF-alpha  induced  NF-kB  to  varying 
degrees  resulting  in  reduced  percent  NF-kB  activity.  Figure  2  dis¬ 
plays  the  top  5  NF-kB  inhibitors  in  myoblasts  and  myotubes.  These  280 
results  indicate  that  several  of  the  VBP  compounds  are  able  to  in¬ 
hibit  NF-kB  at  potency  similar  to  prednisolone  in  vitro  in  muscle 
cells. 

Cell  viability  was  assayed  on  C2Ci2  cells  grown  and  treated  con¬ 
currently  to  those  measuring  NF-kB  activity.  We  discovered  that  a 
Cl  6-methyl  group  showed  strong  inhibition  of  NF-kB  and  the  low¬ 
est  cell  toxicity,  while  larger  alkyl  groups  (ethyl  and  butyl)  either 
decreased  activity  or  enhanced  toxicity.  We  now  favor  a  Al,4  in 
the  A  ring  because  of  improved  metabolic  stability,  a  A9,ll  in 
the  C  ring,  a  methyl  at  Cl  6,  and  either  hydroxyl  or  hydrogen  at  Cl  7.  290 

Compounds  were  tested  for  potency  in  causing  translocation  of 
the  GR  from  the  cytoplasm  to  nucleus  using  a  reporter  assay  in 
both  myoblasts  and  myotubes.18  EC50  for  GR  Translocation  [LogM] 
was  then  plotted  against  the  EC50  for  NF-kB  inhibition  (Figure  3). 

VBP6,  VBP7  and  VBP15  clustered  with  prednisone  and  dexametha¬ 
sone,  showing  high  activities  for  both  assays.  VBP6  and  VBP15  are 
both  21 -hydroxyls  with  VBP7  being  the  acetate  (prodrug)  of  VBP6. 

3.2.  VBP  compounds  lack  transactivation  activity 

To  determine  if  VBP  compounds  dissociate  transrepression  from 
transactivation,  we  screened  the  top  NF-kB  inhibiting  compounds  300 
for  their  ability  to  induce  GRE-dependent  gene  transcription  using 
a  GRE-luciferase  reporter  construct  as  we  have  previously 
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Figure  2.  NF-kB  inhibition  in  myogenic  cells.  (A)  Dose  response  of  the  top  NF-kB  inhibiting  VBP  compounds  in  C2Ci2  myoblasts.  (B)  Dose  response  of  the  top  NF-kB  inhibiting 
VBP  compounds  in  C2C12  differentiated  myotubes.  Standard  deviations  are  shown. 


A  Myoblasts  B  Myotubes 


IC50  NF-kB  Inhibition  [Log  M]  IC50  NF-kB  Inhibition  [Log  M] 


Figure  3.  Correlation  of  NF-kB  and  GR  nuclear  translocation  potency  in  (A)  myoblasts  and  (B)  myotubes.  EC50  values  for  NF-kB  inhibition  activity  (X  axis)  and  GR  nuclear 
translocation  activity  (Y  axis)  were  plotted  for  all  VBP  series  compounds,  relative  to  prednisone  and  dexamethasone. 


described.18  Results  show  that  there  was  a  significant  dose-depen- 
dent  response  in  prednisolone  treated  cells  <0.0001)  but  there 
was  no  increase  in  luciferase  transcription^at  even  the  highest 
doses  tested  for  any  of  the  VBP  compounds  (Fig.  4).  These  data  sug¬ 
gest  we  are  achieving  our  desired  SAR  goals  of  dissociating  the 
gene  transcriptional  (classic  glucocorticoid)  properties  from  the 
anti-inflammatory  (NF-kB)  properties. 

310  3.3.  Pharmacokinetics  in  CD1  mice  following  intravenous  and 

oral  administration 

The  two  top  candidates  from  the  in  vitro  assays  (VBP6  and 
VBP15)  were  compared  for  bioavailability  through  PI<  studies. 
The  relatively  poor  solubility  of  VBP15  required  formulation  in 
8%  DMSO  +  8%  Ethanol  +  50%  PEG400  +  34%  HP-p-CD  (20%  W/V). 

PI<  results  for  VBP6  indicate  that  it  had  a  relatively  high  clear¬ 
ance  of  48.2  ml/min/kg,  which  was  about  50%  of  the  mouse  blood 
hepatic  flow.  The  terminal  half-life  was  0.67  h.  Volume  of  distribu¬ 
tion  (Vss)  was  0.87  L/kg,  indicating  that  it  did  not  have  high  tissue 
320  accumulation.  In  the  PO  arm,  Cmax=  10203  ng/ml  and  percentage 


bioavailability  (F%)  was  128%  (Table  2,  Fig.  5).  The  F%  was  calcu¬ 
lated  by  comparing  the  dose-corrected^area  under^ curve  (AUC) 
non-intravenous  divided  by  AUC  intravenous.  IV  AUC  was  consid¬ 
ered  100%.  We  had  different  formulations  for  the  oral  versus  IV 
which  improved  solubility,  and  hence  a  larger  AUC,  for  the  oral  for¬ 
mulation  compared  to  the  IV  formulation  leading  to  F%  >100%. 

PI<  results  for  VBP15  indicate  that  it  had  low-medium  clearance 
18.8  ml/min/kg.  The  terminal  half-life  was  0.35  h.  Volume  of  distri¬ 
bution  was  0.75  L/kg  indicating  that  it  also  did  not  have  high  tissue 
accumulation.  In  the  PO  arm,  Cmax  =  6787  ng/ml  at  2  h,  and  bio-  330 
availability  (¥%)  was  74.5%  (Table  2;  Fig.  5). 

3.4.  Metabolic  stability  across  multiple  species 

The  in  vitro  metabolic  stability  of  VBP6  and  VBP15  was  studied 
in  different  species  of  liver  microsomes.  Results  show  ^80% 
remaining  at  1  h  of  VBP6  and  VBP15  in  human,  dog,  and  monkey 
microsomes  (Fig.  6).  VBP6  had  poor  stability  in  mouse  liver  micro¬ 
somes  (34%)  compared  to  VBP15  (88%).  Both  compounds  showed 
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Figure  4.  VBP  compounds  do  not  induce  GRE-dependent  gene  transcription.  A  reporter  construct  with  luciferase  driven  by  glucocorticoid  response  elements  (GREs)  was 
studied,  as  previously  described.18  Prednisone  induced  luciferase  expression,  while  none  of  the  VBP  series  did.  Standard  deviations  are  shown. 


Table  2 

PK  analysis  of  VBP6  and  VBP15  following  IV  and  PO  administration  in  CD1  mice 


Drug 

Route 

Dose 

(mg/kg) 

Formulation 

Clobs  (mL / 
min/kg) 

Tl/2 

(h) 

rm  ax 
(h) 

Cmax  (ng / 
mL) 

AUQast 
(h  ng/mL) 

AUCInf 
(h  ng/mL) 

MRT 

(h) 

AUC/D 
(h  ng/mL) 

VsSobs 

(L/kg) 

F 

(%) 

VBP6 

IV 

10 

10%  EtOH  +  40% 

PEG400 

48.2 

0.667 

0.0833 

8.637 

3.447 

3.457 

0.289 

345 

0.874 

NA 

PO 

50 

30% 

Labrafil 

NA 

0.659 

1.00 

10.203 

22.023 

22.031 

NA 

440 

NA 

128 

VBP15 

IV 

10 

10%  EtOH 

10%  DMSO 

40%  PEG400 

18.8 

0.354 

0.0833 

11.167 

8.838 

8.842 

0.667 

884 

0.757 

NA 

PO 

50 

30% 

Labrafil 

NA 

0.678 

2.00 

6.787 

32.912 

32.932 

NA 

658 

NA 

74.5 

VBP6  PK  Mean  Profile 


B 


VBP15  PK  Mean  Profile 


Figure  5.  PK  mean  profiles  for  (A)  VBP6  and  (B)  VBP15  in  mice.  Error  bars  indicate  standard  deviation. 


poor  stability  in  rat,  presumably  due  to  the  high  first  pass  clearance 
traditionally  seen  with  glucocorticoids  in  rats.19 


to  a  greater  and  preferred  AUC  compared  to  VBP6.  Thus,  VBP15 
was  selected  as  the  lead  compound  for  all  further  studies. 


340 


3.5.  Lead  compound  selection 

Potential  lead  compounds  were  narrowed  to  VBP6  and  VBP15 
based  on  superior  activities  (high  NF-kB  inhibition,  low  cytotoxic¬ 
ity,  high  GR  binding  and  GR  translocation).  PK  data  showed  that 
VBP15  had  a  longer  Tmax  and  lower  Cmax  across  species,  leading 


3.6.  Absorption,  distribution,  metabolism  and  excretion  (ADME) 
and  pharmacokinetics  of  VBP15 

We  performed  a  series  of  ADME  and  pharmacokinetic  studies  to 
characterize  our  lead  compound.  Table  3  summarizes  the  results  of 
these  ADME  experiments.  PK  results  for  VBP15  in  rats  indicate  that 
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3.8.  CYP  induction 

There  was  no  induction  of  CYP1A2  by  VBP15  seen  across  the  370 
three  donors  therefore  VBP15  is  not  considered  an  inducer  of 
CYP1A2.  VBP15  moderately  induced  CYP3A4  across  the  three  do¬ 
nors  £24-42%).  This  indicates  that  VBP15  is  a  potential  inducer  of 
CYP3A4,  similar  to  other  steroidal  compounds. 

4.  Discussion 

We  have  recently  shown  that  an  existing  A9,l  1  steroidal  com¬ 
pound  (anecortave  acetate)  was  able  to  bind  and  translocate  the 
glucocorticoid  receptor  (GR)  and  inhibit  anti-inflammatory  path¬ 
ways  (NF-kB).18  Based  on  these  data  we  synthesized  20  new  com¬ 
pounds  not  previously  known  to  the  literature,  with  the  goal  of  3so 
carrying  out  a  lead  optimization  program  using  the  A9,ll  back¬ 
bone,  in  vitro  screening  assays  included  potent  inhibition  of  NF- 
kB,  potent  translocation  of  the  GR  to  the  nucleus,  loss  of  GRE-med- 
iated  transcriptional  activity,  and  low  cytotoxicity  (Fig.  1,  Table  1). 

We  found  that  a  Cl  6-methyl  group  was  important  for  NF-kB  inhib¬ 
itory  activity,  while  larger  alkyl  groups  (ethyl  and  butyl)  either  de¬ 
creased  activity  or  enhanced  cytotoxicity  of  myogenic  cells.  Other 
optimizations  of  chemistry  included  a  Al,4  in  the  A  ring  (improved 
metabolic  stability),  a  A9,ll  in  the  C  ring,  a  methyl  at  Cl  6,  and 
either  hydroxyl  or  hydrogen  at  Cl  7.  VBP1 5  was  selected  as  the  lead  390 
compound  based  on  these  findings  (Fig.  2).  VBP15  also  showed 
desirable  ADME  and  PK  properties.  Like  many  steroids,  VBP15 
shows  oral  absorption  in  a  target  range  acceptable  for  oral  delivery. 

The  drug  can  be  formulated  for  PK  and  other  studies  in  vehicles 
that  are  typical  for  related  steroids.  PK  and  metabolite  work  sug¬ 
gest  that  the  primate  and  mouse  will  probably  be  the  preferred 
species  for  PK. 

Synthetic  glucocorticoids  are  among  the  most  commonly  pre¬ 
scribed  drugs  due  to  their  potent  anti-inflammatory  properties, 
and  remain  standard  of  care  in  many  conditions  such  as  arthritis,  400 
dermatitis,  asthma,  muscular  dystrophy,  and  auto-immune  disor¬ 
ders.20-22  However,  glucocorticoids  have  many  off-target  effects 
that  together  contribute  to  a  relatively  broad  side  effect  profile. 

These  include  but  are  not  limited  to  disruption  of  glucose  metabo¬ 
lism,  immune  suppression,  adrenal  suppression,  thymocyte  apop- 


Table  3 

ADME  properties  of  VBP15 


In  vitro  properties 

Units 

Value  &  class 

Target  range 

Solubility  (pH,  media) 

(pM) 

187.18  pM 

>60 

Stability— microsomes 

ti/2  (min) 

Human  =  82% 

Rat  =  35.4% 

Mouse  =  88.8% 

Dog  =  92.5% 

Monkey  =  1 00% 

>30 

Stability— plasma  (species) 

%  Remaining  at  1  h 

88.06% 

>80% 

CYP450  Inhibition  (2C9,2D6,3A4) 

%  Inhibition  at  10  mM 

1.9%,  7.9%,  15.3% 

<40% 

IC50  (mM) 

>50  pM  for  all 

>10 

Permeability— Caco-2 

Papp  (a-b,  10-6  cm/s) 

11.2 

>10 

Efflux  ratio 

0.61 

<2 

hERG—  (method) 

IC50  (mM) 

20  pM 

>10 

Free  Cmax— plasma 

Total  Cmax  (mM)  Fu  piaSma 

0.12 

Ames  test 

Positive/negative 

Negative 

Negative 

Micronucleus  test 

Positive/negative 

Negative 

Negative 

Blood  Brain  Barrier  (rats)3 

Ratio  (brain/plasma)  (h) 

0.25  =  0.648 

0.5  =  0.620 

1.0  =  0.614 

2.0  =  0.593 

4.0  =  0.583 

6.0  =  0.581 

8.0  =  0.433 

■  HLM  HMRLM  BMMLM  HMDLM  HMKLM 


VBP6  VBP15 


Figure  6.  Metabolic  stability  of  VBP6  and  VBP15  in  liver  microsomes  across 
multiple  species.  VBP15  shows  better  stability  in  rat  and  mouse  microsomes 
compared  to  VBP6.  HLM  =  human  liver  microsomes,  MRLM  =  male  rat  liver  micro¬ 
somes,  MMLM  =  male  mouse  liver  microsomes,  MDLM  =  male  dog  liver  micro¬ 
somes,  MKLM  =  male  monkey  liver  microsomes. 


it  had  a  clearance  of  20.2  mL/min/kg.  The  terminal  half-life  was 
0.58  h.  Volume  of  distribution  (Vss)  was  0.77  L/kg,  indicating  that 
it  did  not  have  high  tissue  accumulation.  In  the  PO  arm, 
Cmax  =  2543  ng/mL  and  percentage  bioavailability  (F%)  was  47.8% 
(Table  4). 

VBP15  in  beagle  dogs  had  medium-high  clearance  of  24.7  mL/ 
min/kg.  The  terminal  half-life  was  5.42 Ji.  Volume  of  distribution 
was  1.93  L/kg  indicating  that  it  had  certain  tissue  distribution.  In 
36o  the  PO  arm,  Cmax  =  814  ng/mL,  and  bioavailability  (F%)  was  53.2% 
(Table  4). 

3.7.  Metabolite  identification 

Human,  monkey,  dog,  rat  and  mouse  hepatocytes  were  incu¬ 
bated  at  a  final  concentration  of  10  pM  VBP15  for  2  and  4  h.  Four 
metabolites  were  identified  in  the  human  and  monkey 
hepatocytes,  3  were  identified  in  the  dog  (peak  4  is  the  major 
metabolite),  5  metabolites  were  identified  in  rat  (peak  3  is  the  ma¬ 
jor  metabolite)  and  2  in  the  mouse  (Table  5). 


a  The  brain  concentration  was  not  corrected  for  vascular  content. 
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Table  4 

PK  properties  of  VBP15  across  species 


PK  properties 

Units 

Mouse  10  mpk  IV  50  mpk  PO 

Rat  10  mpk  IV  50  mpk  PO 

Dog  10  mpk  IV  30  mpk  PO 

Target  range 

h/2 

h 

0.354  (IV) 

0.58  (IV) 

5.42  (IV) 

>3 

0.678  (PO) 

2.29  (PO) 

2.25  (PO) 

AUCq-oo,  total>  unbound 

h  ng/mL 

8842  (IV) 

8339  (IV) 

6791  (IV) 

>500  (PO) 

32932  (PO) 

19937  (PO) 

10844  (PO) 

CL 

mL/min/kg 

18.8  (IV) 

20.2  (IV) 

24.7  (IV) 

<25%  HBF 

Gnax,  totab  unbound 

ng/mL  (nM) 

11167  (IV) 

6787 (PO) 

2543  (PO) 

814  (PO) 

Tnax 

h 

0.083  (IV) 

2.0  (PO) 

4.00  (PO) 

6.00  (PO) 

Vss 

L/kg 

0.757  (IV) 

0.770  (IV) 

1.93  (IV) 

F 

% 

74.5 

47.8 

53.2 

>20% 

Table  5 

VBP15  metabolites  identified  across  species 

Peak 

no. 

Rt 

(min) 

Expected 

m/z 

Mass 

shift 

Biotransformation 

Metabolites  in  hepatocytes 

Human  Monkey 

Dog 

Rat 

Mouse 

1 

5.52 

371.2 

16 

Oxidation 

+ 

+ 

+ 

+ 

+ 

2 

6.37 

373.2 

18 

Oxidation  +  hydrogenation 

+ 

+ 

- 

+ 

- 

3 

7.78 

371.2 

16 

Oxidation 

- 

- 

- 

+++ 

- 

4 

9.69 

369.2 

14 

Methylation 

+ 

+ 

+++ 

+ 

+ 

5 

10.42 

355.2 

0 

Parent  drug 

+++ 

+++ 

+ 

+ 

+++ 

6 

12.86 

357.2 

2 

Hydrogenation 

+ 

+ 

+ 

+ 

- 

tosis,  osteoporosis,  erythroblast  proliferation,  elevation  of  intraoc¬ 
ular  pressure,  cataract,  and  mood  changes.  Many  of  these  side  ef¬ 
fect  profiles  are  associated  with  GRE-mediated  transcriptional 
activities  of  steroids  (classic  glucocorticoid  activity).  We  have 
4io  shown  that  VBP15  lacks  GRE-mediated  transcriptional  activity 
(Fig.  2),  although  it  inhibits  NF-kB  and  causes  translocation  of 
the  GR  to  the  nucleus.  We  should  note  that  classic  glucocorticoids 
result  in  nuclear  translocation  as  ligand/GR  dimmers  able  to  bind 
GRE  elements  (transactivation  properties),  as  well  as  ligand/GR 
complexes  with  NF-kB  transcriptional  complexes  that  target  NF- 
kB  promoter  elements  (transrepression  properties).  VBP15  appears 
to  disassociate  these  two  subactivities,  with  GR  translocation  likely 
due  to  NF-kB  transcriptional  complexes.  Thus,  we  expect  that  pre- 
clinical  studies  will  show  superior  side  effect  profiles  of  VBP15 
420  compared  to  other  steroid-based  anti-inflammatories,  as  we  have 
previously  shown  for  anecortave  acetate.18 

The  extensive  effect  profiles  of  pharmacological  glucocorticoids 
often  limit  prescription  despite  proven  efficacy,  particularly  in  chil¬ 
dren.  For  example,  in  Duchenne  muscular  dystrophy,  daily  predni¬ 
sone  is  considered  standard  of  care  in  some  countries,  but  the 
efficacy  if  offset  by  increased  bone  fragility,  mood  changes,  weight 
gain,  and  muscle  catabolic  pathways.23"26  Thus,  there  is  non-adop¬ 
tion  of  this  standard  in  some  countries,  and  relatively  poor  adher¬ 
ence  even  in  those  countries  adopting  daily  glucocorticoids.27  The 
430  VBP15  described  here  is  being  developed  for  Duchenne  muscular 
dystrophy  as  the  initial  indication,  in  collaboration  with  the  Mus¬ 
cular  Dystrophy  Association  Venture  Philanthropy,  and  National 
Institutes  of  Health  Therapeutics  for  Rare  and  Neglected  Disease 
program.  It  is  our  hope  that  VBP15  not  only  provides  a  superior 
side  effect  profile  relative  to  prednisone,  but  will  also  improve  effi¬ 
cacy  by  opening  the  therapeutic  window  (allowing  increased  dos¬ 
ing  relative  to  prednisone). 
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A9,ll  modifications  of  glucocorticoids  (21-aminosteroids)  have  been  developed  as  drugs  for  protection 
against  cell  damage  (lipid  peroxidation;  lazaroids)  and  inhibition  of  neovascularization  (anecortave).  Part 
of  the  rationale  for  developing  these  compounds  has  been  the  loss  of  glucocorticoid  receptor  binding  due 
to  the  A9,ll  modification,  thus  avoiding  many  immunosuppressive  activities  and  deleterious  side  effect 
profiles  associated  with  binding  to  glucocorticoid  and  mineralocorticoid  receptors.  We  recently  demon¬ 
strated  that  anecortave  acetate  and  its  21 -hydroxy  analog  (VBP1)  do,  in  fact,  show  glucocorticoid  and 
mineralocorticoid  receptor  binding  activities,  with  potent  translocation  of  the  glucocorticoid  receptor 
to  the  cell  nucleus.  We  concluded  that  A9,ll  steroids  showed  novel  anti-inflammatory  properties,  retain¬ 
ing  NF-kB  inhibition,  but  losing  deleterious  glucocorticoid  side  effect  profiles.  Evidence  for  this  was 
developed  in  pre-clinical  trials  of  chronic  muscle  inflammation.  Here,  we  describe  a  drug  development 
program  aimed  at  optimizing  the  A9,ll  chemistry.  Twenty  A9,ll  derivatives  were  tested  in  in  vitro 
screens  for  NF-kB  inhibition  and  GR  translocation  to  the  nucleus,  and  low  cell  toxicity.  VBP15  was 
selected  as  the  lead  compound  due  to  potent  NF-kB  inhibition  and  GR  translocation  similar  to  prednisone 
and  dexamethasone,  lack  of  transactivation  properties,  and  good  bioavailability.  Phamacokinetics  were 
similar  to  traditional  glucocorticoid  drugs  with  terminal  half-life  of  0.35  h  (mice),  0.58  h  (rats),  5.42  h 
(dogs),  and  bioavailability  of  74.5%  (mice),  and  53.2%  (dogs).  Metabolic  stability  showed  ^80%  remaining 
at  1  h  of  VBP6  and  VBP15  in  human,  dog,  and  monkey  liver  microsomes.  Solubility,  permeability  and 
plasma  protein  binding  were  within  acceptable  limits.  VBP15  moderately  induced  CYP3A4  across  the 
three  human  hepatocyte  donors  (24-42%),  similar  to  other  steroids.  VBP15  is  currently  under  develop¬ 
ment  for  treatment  of  Duchenne  muscular  dystrophy. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

A9,ll  Steroids  (21-aminosteroids)  have  been  designed  and 
developed  to  stably  incorporate  into  cell  membranes  and  inhibit  li¬ 
pid  peroxidation  without  glucocorticoid  or  mineralocorticoid 
activities,  thus  avoiding  side  effects  associated  with  traditional  cor¬ 
ticosteroids.1  A  few  A9,ll  steroids  brought  to  clinical  trials  were 
Lazaroids  and  Anecortave.  Lazaroids  have  extensive  hydrophilic 
head  groups  designed  to  optimize  stability  in  membranes  and  lipid 
peroxidation  inhibitory  activities  (Fig.  1).  Randomized  controlled 
trials  of  tirilazad  mesylate  in  acute  spinal  cord  injury,2,3  and  in 
stroke4-6  showed  good  safety  profiles,  but  failed  to  show  clear  evi¬ 
dence  of  efficacy.  Pre-clinical  work  in  additional  indications  con¬ 
tinues,  including  multiple  wound  states  and  lung  disease.7-9 
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Anecortave  was  developed  for  inhibition  of  neo-vascularization 
in  age-related  macular  degeneration  as  a  molecule  that  lacked 
immunomodulatory  glucocorticoid  activity.10,11  The  mechanism 
of  action  is  thought  to  be  through  inhibition  of  proliferation  of  vas¬ 
cular  endothelial  cells,  inhibition  of  uPA  and  matrix  metallopro¬ 
teinase  3,  and  stimulation  of  plasminogen  activator  inhibitor-1.11 
Controlled  clinical  trials  of  posterior  juxtascleral  depot  (delivered 
at  6  month  intervals)  showed  no  safety  issues,  but  marginal  clinical 
benefit.12,13  More  recently,  blinded  controlled  trials  of  anecortave 
in  steroid-induced  elevated  intraocular  pressure  (IOP)  have  been 
carried  out,  with  similar  results  of  good  safety  profile.14  The  best 
dose  of  anecortave  acetate  showed  a  31%  reduction  in  IOP  and  this 
benefit  lasted  a  mean  duration  of  56  days  from  a  single 
administration.15,16 

Previous  drug  development  programs  pursuing  lazaroids  and 
anecortave  as  prototype  A9,ll  glucocorticoids  (21-aminosteroids) 
have  assumed  that  the  A9,ll  modification  inhibited  drug  binding 
to  the  glucocorticoid  receptor  (GR)  and  mineralocorticoid  receptor 
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Panel  B 


OAc 


VBP  15 


Figure  1.  Structures  and  synthesis  of  A9.11  compounds.  Panel  A:  Shown  are  two  previously  developed  A9.11  steroids  (Anecortave,  Tirilizad),  and  the  lead  compound 
identified  in  the  current  study  (VBP15).  The  A9,l  1  bond  distinguishing  these  drugs  from  other  steroidal  compounds  is  shown  by  the  black  arrows.  The  lower  panel  shows  the 
chemical  modifications  to  the  chemical  backbone.  The  Rl,  R2,  and  R3  residues  shown  are  those  that  were  chemically  modified  with  alternative  chemical  structures  (see  red 
box).  Panel  B:  The  synthesis  of  VBP15  that  is  pictured  is  typical  for  the  synthesis  of  analogs  in  this  series,  (a)  TMS  imidazole,  MeMgCl,  THF;  (b)  CuAc2,  H20,  DMPU,  MeMgCl, 
THF;  (c)  peracetic  acid,  toluene,  -10  °C;  (d)  NaHS03,  TFA;  (e)  EtOAc,  heptanes;  (f)  acetonitrile  trituaration;  (g)  HBr,  HC2C12,  40  °C;  (h)  MeOH  crystallization;  (i)  I<2C03,  MeOH, 
followed  by  HCL  and  crystallization  from  MeOH/H20. 


(MR).  This  assumption  was  based  largely  on  the  lack  of  efficacy  of 
the  drugs  in  inhibiting  LPS-induced  inflammation  in  pre-clinical 
models— traditional  glucocorticoids  are  impressively  effective  at 
blocking  lipopolysaccharide  (LPS)-induced  acute  inflammation.10 
However,  we  recently  showed  that  both  anecortave  acetate  and 
its  21 -hydroxy  analog  (VBP1)  showed  relatively  high  affinity  bind¬ 
ing  to  both  the  GR  and  MR.17  The  A9,l  1  drugs  induced  GR  translo¬ 
cation  from  the  cell  cytoplasm  to  cell  nucleus,  shown  by  both 
reporter  and  immunostaining  assays,  again  suggesting  effective 
ligand/receptor  interactions.  Nuclear  translocation  of  steroid  hor¬ 
mone  receptors  is  a  hallmark  of  classic  glucocorticoid  transcrip¬ 
tional  activity,  and  is  necessary  for  downstream  activation  of 
gene  promoters  via  binding  of  ligand/receptor  complexes  to  gluco¬ 
corticoid  response  elements  (GREs).  However,  neither  A9,ll  drug 
showed  significant  GRE-mediated  transcriptional  activities,  either 


by  mRNA  microarray,  targeted  RT-PCR,  or  luciferase  reporter  con¬ 
structs.17  On  the  other  hand,  both  drugs  retained  anti-inflamma¬ 
tory  activity  via  inhibition  of  NF-kB  pathways,  and  showed 
efficacy  in  inhibiting  inflammation  in  vivo  in  two  mouse  models 
of  chronic  inflammation  in  muscle  (dystrophin-deficient  mdx  and 
dysferlin-deficient  SJL  mice).17  The  discrepancy  between  previous 
findings  of  lack  of  anti-inflammatory  activity,  and  our  findings  of 
retention  of  anti-inflammatory  activity  may  be  explained  by  the 
assays  utilized.  For  example,  McNatt  et  al.  studied  an  acute  model 
of  LPS-induced  IL-1  induction,  where  anecortave  failed  to  induce 
IL-1,  whereas  glucocorticoids  were  effective  in  induction.10  Our 
studies  focused  on  in  vitro  assays  of  NF-kB  inhibition  and  models 
of  chronic  immunity  not  utilizing  LPS.17 

Here,  we  queried  the  chemical  space  around  the  A9,l  1  steroid 
backbone,  optimizing  for  anti-inflammatory  properties  (NF-kB 
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inhibition  and  GR  nuclear  translocation).  The  lead  compound, 
VBP15,  shows  excellent  drug  properties,  and  is  in  development 
for  Duchenne  muscular  dystrophy  as  the  initial  indication. 

2.  Materials  and  methods 

2.1.  Chemistry 

All  compounds  were  synthesized  by  Bridge  Organics  Co. 
(Kalamazoo,  Michigan).  Systematic  (IUPAC)  names:  Anecortave 
([2-[(8R,10S,13S,14R,17R)-17-hydroxy-10,13-dimethyl-3-oxo- 
2,6,7,8,12,14,15,1 6-octahydro- 1  H-cyclopenta  [  a  ]  phenanthren- 1 7  -y  1  ]  -2  - 
oxo-ethyl]  acetate).  Tirilazad  ((16a)-21-[4-(2,6-dipyrrolidin-l-yl- 
pyrimidin-4-yl)piperazin-l  -yl]-l  6-methylpregna-l  ,4,9(1 1  )-triene- 
3,20-dione).  Additional  chemical  structures  studied  are  described  in 
Table  1. 

Traditional  glucocorticoids  have  an  1 1 -beta-hydroxy  or  an  11- 
keto  group  whereas  we  used  a  double  bond  between  carbons  9 
and  11,  leading  to  a  A9,ll  C  ring  as  the  backbone,  then  developed 
a  series  of  steroids  based  on  this  scaffold  (Fig.  1,  Panel  A;  Table  1). 
These  scaffolds  are  not  oxidatively  metabolized  to  1 1 -beta  hydroxy 
compounds,  and  should  have  less  off-target  effects  related  to  active 
metabolites.  We  varied  the  D  ring  of  the  steroid,  probing  the  effect 
of  different  lipophilic  groups  at  Cl  6  and  either  hydroxy  or  hydro¬ 
gen  at  Cl  7.  Twenty  compounds  were  synthesized  in  the  VBP  series 
of  A9,ll  compounds  varying  in  structure  at  the  three  positions 
(Rl,  R2,  R3)  (Fig.  1;  Table  1). 

The  synthesis  of  the  A9,ll  steroid  begins  with  commercially 
available  steroid  3TR  (Fig.  1;  Panel  B).  Copper  catalyzed  Michael 
addition  of  MeMgCl  with  TMSC1  through  a  1,4  addition  introduced 
a  16-alpha  methyl  group  to  give  silyl  enol  ether  2  with  93%  purity 
by  hplc/ms  and  in  nearly  quantitative  yield.  The  product  was  iso¬ 
lated  as  a  toluene  slurry  which  was  oxidized  with  32%  by  weight  per¬ 
acetic  acid  in  acetic  acid  to  yield  intermediate  3  which  was  not 
isolated  but  was  converted  to  compound  4  as  a  powder  that  precip¬ 
itated  from  EtOAc/heptane  trituration  in  60%  yield  from  3TR  and 
with  86%  purity.  In  order  to  remove  a  small  amount  of  the  delta 
9,1 1  epoxide,  compound  4  was  treated  with  HBr  in  methylene  chlo¬ 
ride.  Yield  from  the  HBr  treatment  after  MeOH/water  crystallization 
was  90%  with  97%  purity  and  an  overall  yield  from  3TR  of  54%.  Final¬ 
ly,  the  acetate  of  compound  4  is  removed  by  I<2C03  hydrolysis.  Meth¬ 
anol/water  crystallization  of  VBP15  gave  a  79%  yield  with  98.3% 


purity.  Overall  yield  from  3TR  is  43%.  Purity  is  assigned  by  hplc / 
ms.  Structure  was  confirmed  by  proton  and  carbon  NMR. 

2.2.  NF-kB  screen 

C2Ci2  skeletal  muscle  cells  stably  transfected  with  a  luciferase 
reporter  construct  regulated  under  NF-kB  response  element  (Pa- 
nomics,  Fremont,  CA)  were  used  for  screening  NF-kB  inhibitors, 
as  previously  described.18  Myoblasts  and  myotubes  grown  in 
growth  and  differentiating  medium  respectively  were  pretreated 
with  various  concentrations  (vehicle  [DMSO];  0.01-100  pg/ml)  of 
the  drugs  for  a  24  h  duration  before  stimulating  with  tumor  necro¬ 
sis  factor-a  (TNF-oc)  (10  ng/ml)  for  another  24  h.  After  the  comple¬ 
tion  of  incubation,  cells  were  washed  once  with  PBS  and  lysed  with 
cell  lysis  buffer  to  measure  luciferase  activity  (Promega  Corp,  Mad¬ 
ison,  WI)  using  Centro  LB  960  luminometer  (Berthold  technologies, 
GmbH  &  Co,  Bad  Wildbad,  Germany)  and  IC50  values  are  calculated 
for  each  compound. 

2.3.  Cell  viability 

Cell  viability  was  determine  by  MTT  assay  (3-[4,5  dimethylthi- 
azol-2-yl]-2, 5-diphenyl  tetrazolium  bromide)  (Sigma,  St.,  Louis, 
Missouri)  as  per  manufacturer’s  protocols.  Percent  cell  viability 
was  calculated  relative  to  untreated  cells,  whereas  relative  lumi¬ 
nescence  units  with  TNF-oc  stimulation  in  the  absence  of  drugs 
were  considered  as  100%  percent.  Data  are  represented  as  %  inhibi¬ 
tion  relative  to  TNF-oc  induced  NF-kB  activation.  Significance  was 
calculated  using  a  one-way  repeated  measure  ANOVA  to  determine 
if  there  is  an  effect  of  drug  concentration  on  cell  viability. 

2.4.  Nuclear  translocation  assays 

Translocation  assays  were  performed  by  DiscoveRx  (Fremont, 
CA)  using  GR  Nuclear  Translocation  PathHunter  cells  (DiscoveRx; 
Fremont,  CA).  This  assay  is  based  on  the  detection  of  protein-pro¬ 
tein  interactions  between  the  GR  and  a  nuclear  fusion  protein  con¬ 
taining  steroid  receptor  co-activator  peptide.  The  receptor  is 
tagged  with  the  ProLink  component  of  enzyme  fragment  comple¬ 
mentation  assay  system  and  the  steroid  receptor  co-activator  pep¬ 
tide  (SRCP)  is  fused  to  the  enzyme  acceptor  component.  When  the 
receptor  is  bound  by  ligand  it  translocates  to  the  nucleus  where  it 
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recruits  the  SRCP  and  complementation  occurs  producing  a  chemi¬ 
luminescent  signal.  A  ten  point  agonist  dose  curve,  ranging  from 
1  x  10-5  to  1.69  x  10-10  M  was  performed  on  all  VBP  compounds. 
Dexamethasone  was  performed  in  parallel  as  the  standard  refer¬ 
ence  control.  Percentage  activity  is  calculated  using  the  following 
formula:  %  Activity  =  100%  x  (Mean  Relative  Light  Units  [RLU]  of 
test  sample— mean  RLU  of  vehicle  control)/(mean  MAX  RLU  control 
ligand— mean  RLU  of  vehicle  control)).  EC50  is  calculated  for  all  the 
compounds. 

2.5.  Transactivation  assays 

HEK-293  cells  stably  transfected  with  a  luciferase  reporter  con¬ 
struct  regulated  under  glucocorticoid  response  element  (GRE)  (Pa- 
nomics,  Fremont,  CA)  were  grown  according  to  manufacturer’s 
instructions.  Cells  were  treated  with  various  concentrations  (0.01 
to  100  pg/ml)  of  the  drug  for  6h.  Cells  were  washed  once  with 
PBS  and  lysed  with  cell  lysis  buffer  to  measure  luciferase  activity 
(Promega  Corp,  Madison,  WI)  using  Centro  LB  960  luminometer 
(Berthold  technologies,  GmbH  &  Co,  Bad  Wildbad,  Germany). 

2.6.  Pharmacokinetics 

Pharmacokinetic  studies  were  carried  out  at  Pharmaron  (US 
headquarters  6  Venture,  Suite  250,  Irvine,  CA  92618;  work  per¬ 
formed  in  Pharmaron-Beijing,  6  Taihe  Road,  BDA  Beijing, 
100176).  Mice  were  purchased  from  Huafukang  Bioscience,  Beijing, 
China.  Dogs  were  purchased  from  Marshall  Inc.,  Beijing,  China. 
Monkeys  were  purchased  from  Hainan,  Inc.,  Jinggang,  China  and 
Guangxi  Inc.,  Guidong  China. 

2.6.1.  Analysis 

All  analyses  were  conducted  on  a  Shimadzu  liquid  chromato¬ 
graph  separation  system  equipped  with  degasser  DGU-20A3,  sol¬ 
vent  delivery  unit  LC-20AD,  system  controller  CBM-20A,  column 
oven  CTO-1 0ASVP  and  CTC  Analytics  HTC  PAL  System.  .  Samples 
were  loaded  onto  a  Phenomenex  Luna  5p  C18  (2)  (2.0  x  50  mm) 
coupled  with  a  preguard  column  with  a  mobile  phase  of  0.1%  formic 
acid  in  acetonitrile  (A)  and  0.1%  formic  acid  in  water.  Mass  spectro- 
metric  analysis  was  performed  using  an  API  4000  instrument  from 
AB  Inc  (Canada)  with  an  ESI  interfaceThe  data  acquisition  and  con¬ 
trol  system  were  created  using  Analyst  1.5  software  from  ABI  Inc. 

2.6.2.  Mouse 

CD1  mice  (n  =  3/drug)  were  injected  via  tail  vein  with  a  solution 
of  10  mg/kg  VBP6  (10%  ethanol  and  40%  PEG400;  pH  7.0)  or  10  mg/ 
kg  VBP15  (10%  ethanol,  10%  DMSO,  and  30%  PEG400;  pH  7.0).  Oral 
administration  (PO)  was  conducted  by  feeding  CD1  mice  (n  =  3/ 
drug)  an  aqueous  emulsion  of  either  VBP6  or  VBP15  in  30%  LabrafiL 
Blood  samples  were  taken  at  0-,  5-,  15-,  30  min  and  1-,  2-,  4-,  8-, 
and  24  h. 

2.6.3.  Dog  and  rat 

Sprague-Dawley  rats  (n  =  3)  were  intravenously  injected  with  a 
solution  of  10  mg/kg  VBP15  (10%  ethanol,  10%  DMSO  and  30% 
PEG400;  pH  7.0).  Beagle  dogs  (n  =  3)  were  intravenously  injected 
with  a  solution  of  10  mg/kg  VBP15  (8%  ethanol,  8%  DMSO,  50% 
PEG400  and  34%  HP-p-CD  (20%W/V  in  water).  Oral  administration 
for  SD  rats  (n  =  3)  and  beagles  (n  =  3)  was  conducted  by  feeding  an 
emulsion  of  VBP15  in  30%  LabrafiL  Blood  samples  were  taken  at  0- 
5-,  15-,  30  min  and  1-,  2-,  4-,  8-,  and  24  h. 

2.7.  Metabolic  stability 

Stability  studies  were  conducted  by  Pharmaron  using  liver 
microsomes  from  human,  monkey,  dog,  rat  and  mice.  Either  VBP 


compound  or  positive  control  (Verapamil)  was  added  to  micro¬ 
somal  solutions  at  a  final  concentration  of  2  pM  VBP  compound, 
0.5  mg/mL  microsomes,  5  mM  MgCl2  and  5  mM  PBS.  The  reaction 
was  started  with  the  addition  NADPH  solution  at  a  final  concentra¬ 
tion  of  1  mM  and  carried  out  at  37  °C.  H20  was  used  instead  of 
NADPH  solutions  in  the  negative  control.  Aliquots  were  taken  from 
the  reaction  solution  at  0  and  60  min.  The  reaction  was  stopped  by 
the  addition  of  3  volume  of  cold  methanol.  Aliquots  of  the  superna¬ 
tant  were  used  for  LC/MS/MS  analysis  for  metabolite  analysis  and 
identification  was  performed  as  described  above. 

2.8.  CYP  induction 

CYP1 A2  and  CYP3A4  induction  studies  were  conducted  by  Phar¬ 
maron.  Cryopreserved  human  liver  microsomes  from  3  donors 
(separate  incubations)  were  obtained  commercially  from  CellzDir- 
ect  (Invitrogen).  Hepatocytes  were  cultured  on  a  collagen  substra¬ 
tum  for  three  days  prior  to  study  initiation  according  to 
manufacturer’s  instructions.  Hepatocyte  cultures  were  treated  dai¬ 
ly  with  fresh  media  containing  1-,  10-,  and  100  pM  VBP15,  vehicle 
(negative  control)  or  appropriate  positive  control  (rifampin  for 
CYP3A4  and  omeprazole  for  CYP1A2).  24-h  after  the  final  treat¬ 
ment,  CYP3A4  and  CYP1A2  activity  was  determined  using  the 
FDA  recommended  probe  substrates  testosterone  and  phenacetin 
respectively.  Assay  analysis  was  conducted  via  LC/MS/MS.  The  per¬ 
centage  inductions  relative  to  positive  control  were  calculated.  A 
greater  than  40%  of  positive  control  in  any  one  of  the  three  donors 
for  a  CYP  was  considered  a  potential  inducer  of  that  CYP. 

3.  Results 

3.1.  In  vitro  screening  of  VBP  compounds  for  NF-kB 
transrepression  and  GR  nuclear  translocation 

We  screened  the  20  compounds  for  their  ability  to  inhibit  NF- 
kB  using  a  luciferase  reporter  construct  stably  transfected  into 
C2Ci2  myogenic  cells.18  Both  undifferentiated  myoblasts,  and  dif¬ 
ferentiated,  multi-nucleated  myotubes  were  studied.  VBP  com¬ 
pounds  were  able  to  inhibit  TNF-alpha  induced  NF-kB  to  varying 
degrees  resulting  in  reduced  percent  NF-kB  activity.  Figure  2  dis¬ 
plays  the  top  5  NF-kB  inhibitors  in  myoblasts  and  myotubes.  These 
results  indicate  that  several  of  the  VBP  compounds  are  able  to  in¬ 
hibit  NF-kB  at  potency  similar  to  prednisolone  in  vitro  in  muscle 
cells. 

Cell  viability  was  assayed  on  C2Ci2  cells  grown  and  treated  con¬ 
currently  to  those  measuring  NF-kB  activity.  We  discovered  that  a 
Cl  6-methyl  group  showed  strong  inhibition  of  NF-kB  and  the  low¬ 
est  cell  toxicity,  while  larger  alkyl  groups  (ethyl  and  butyl)  either 
decreased  activity  or  enhanced  toxicity.  We  now  favor  a  Al,4  in 
the  A  ring  because  of  improved  metabolic  stability,  a  A9,ll  in 
the  C  ring,  a  methyl  at  Cl  6,  and  either  hydroxyl  or  hydrogen  at  Cl  7. 

Compounds  were  tested  for  potency  in  causing  translocation  of 
the  GR  from  the  cytoplasm  to  nucleus  using  a  reporter  assay  in 
both  myoblasts  and  myotubes.18  EC50  for  GR  Translocation  [Log M] 
was  then  plotted  against  the  IC50  for  NF-kB  inhibition  (Figure  3). 
VBP6,  VBP7  and  VBP15  clustered  with  prednisone  and  dexametha¬ 
sone,  showing  high  activities  for  both  assays.  VBP6  and  VBP15  are 
both  21 -hydroxyls  with  VBP7  being  the  acetate  (prodrug)  of  VBP6. 

3.2.  VBP  compounds  lack  transactivation  activity 

To  determine  if  VBP  compounds  dissociate  transrepression  from 
transactivation,  we  screened  the  top  NF-kB  inhibiting  compounds 
for  their  ability  to  induce  GRE-dependent  gene  transcription  using 
a  GRE-luciferase  reporter  construct  as  we  have  previously 
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Figure  2.  NF-kB  inhibition  in  myogenic  cells.  (A)  Dose  response  of  the  top  NF-kB  inhibiting  VBP  compounds  in  C2Ci2  myoblasts.  (B)  Dose  response  of  the  top  NF-kB  inhibiting 
VBP  compounds  in  C2C12  differentiated  myotubes.  Standard  deviations  are  shown. 


A  Myoblasts 


B  Myotubes 


IC50  NF-kB  Inhibition  [Log  M] 


Figure  3.  Correlation  of  NF-kB  and  GR  nuclear  translocation  potency  in  (A)  myoblasts  and  (B)  myotubes.  IC50  values  for  NF-kB  inhibition  activity  (X  axis)  and  GR  nuclear 
translocation  activity  (Y  axis)  were  plotted  for  all  VBP  series  compounds,  relative  to  prednisone  and  dexamethasone. 


described.18  Results  show  that  there  was  a  significant  dose-depen¬ 
dent  response  in  prednisolone  treated  cells  (p  <0.0001)  but  there 
was  no  increase  in  luciferase  transcription  at  even  the  highest 
doses  tested  for  any  of  the  VBP  compounds  (Fig.  4).  These  data  sug¬ 
gest  we  are  achieving  our  desired  SAR  goals  of  dissociating  the 
gene  transcriptional  (classic  glucocorticoid)  properties  from  the 
anti-inflammatory  (NF-kB)  properties. 

3.3.  Pharmacokinetics  in  CD1  mice  following  intravenous  and 
oral  administration 

The  two  top  candidates  from  the  in  vitro  assays  (VBP6  and 
VBP15)  were  compared  for  bioavailability  through  PI<  studies. 
The  relatively  poor  solubility  of  VBP15  required  formulation  in 
8%  DMSO  +  8%  Ethanol  +  50%  PEG400  +  34%  HP-p-CD  (20%  W/V). 

PI<  results  for  VBP6  indicate  that  it  had  a  relatively  high 
clearance  of  48.2  ml/min/kg,  which  was  about  50%  of  the  mouse 
blood  hepatic  flow.  The  terminal  half-life  was  0.67  h.  Volume  of 
distribution  (Vss)  was  0.87  L/kg,  indicating  that  it  did  not  have  high 
tissue  accumulation.  In  the  PO  arm,  Cmax  =  10203  ng/ml  and 
percentage  bioavailability  (F%)  was  128%  (Table  2,  Fig.  5).  The  F% 


was  calculated  by  comparing  the  dose-corrected  area  under  curve 
(AUC)  non-intravenous  divided  by  AUC  intravenous.  IV  AUC  was 
considered  100%.  We  had  different  formulations  for  the  oral  versus 
IV  which  improved  solubility,  and  hence  a  larger  AUC,  for  the  oral 
formulation  compared  to  the  IV  formulation  leading  to  F%  >100%. 

PK  results  for  VBP15  indicate  that  it  had  low-medium  clearance 
18.8  ml/min/kg.  The  terminal  half-life  was  0.35  h.  Volume  of  distri¬ 
bution  was  0.75  L/kg  indicating  that  it  also  did  not  have  high  tissue 
accumulation.  In  the  PO  arm,  Cmax  =  6787  ng/ml  at  2  h,  and  bio¬ 
availability  ( F% )  was  74.5%  (Table  2;  Fig.  5). 


3.4.  Metabolic  stability  across  multiple  species 

The  in  vitro  metabolic  stability  of  VBP6  and  VBP15  was  studied 
in  different  species  of  liver  microsomes.  Results  show  ^80% 
remaining  at  1  h  of  VBP6  and  VBP15  in  human,  dog,  and  monkey 
microsomes  (Fig.  6).  VBP6  had  poor  stability  in  mouse  liver  micro¬ 
somes  (34%)  compared  to  VBP15  (88%).  Both  compounds  showed 
poor  stability  in  rat,  presumably  due  to  the  high  first  pass  clearance 
traditionally  seen  with  glucocorticoids  in  rats.19 
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Figure  4.  VBP  compounds  do  not  induce  GRE-dependent  gene  transcription.  A  reporter  construct  with  luciferase  driven  by  glucocorticoid  response  elements  (GREs)  was 
studied,  as  previously  described.18  Prednisone  induced  luciferase  expression,  while  none  of  the  VBP  series  did.  Standard  deviations  are  shown. 


Table  2 

PK  analysis  of  VBP6  and  VBP15  following  IV  and  PO  administration  in  CD1  mice 


Drug 

Route 

Dose 

(mg/kg) 

Formulation 

Clobs  (mL / 
min/kg) 

G/2 

(h) 

Tnax 

(h) 

Gnax  (tig/ 

mL) 

AUCiast 
(h  ng/mL) 

AUCInf 
(h  ng/mL) 

MRT 

(h) 

AUC/D 
(h  ng/mL) 

VsSobs 

(L/kg) 

F 

(%) 

VBP6 

IV 

10 

10%  EtOH  +  40% 

PEG400 

48.2 

0.667 

0.0833 

8.637 

3.447 

3.457 

0.289 

345 

0.874 

NA 

PO 

50 

30% 

Labrafil 

NA 

0.659 

1.00 

10.203 

22.023 

22.031 

NA 

440 

NA 

128 

VBP15 

IV 

10 

10%  EtOH 

10%  DMSO 

40%  PEG400 

18.8 

0.354 

0.0833 

11.167 

8.838 

8.842 

0.667 

884 

0.757 

NA 

PO 

50 

30% 

Labrafil 

NA 

0.678 

2.00 

6.787 

32.912 

32.932 

NA 

658 

NA 

74.5 

VBP6  PK  Mean  Profile 


B 


VBP15  PK  Mean  Profile 


Figure  5.  PK  mean  profiles  for  (A)  VBP6  and  (B)  VBP15  in  mice.  Error  bars  indicate  standard  deviation. 


3.5.  Lead  compound  selection 

Potential  lead  compounds  were  narrowed  to  VBP6  and  VBP15 
based  on  superior  activities  (high  NF-kB  inhibition,  low  cytotoxic¬ 
ity,  high  GR  binding  and  GR  translocation).  PK  data  showed  that 
VBP15  had  a  longer  Tmax  and  lower  Cmax  across  species,  leading 
to  a  greater  and  preferred  AUC  compared  to  VBP6.  Thus,  VBP15 
was  selected  as  the  lead  compound  for  all  further  studies. 


3.6.  Absorption,  distribution,  metabolism  and  excretion  (ADME) 
and  pharmacokinetics  of  VBP15 

We  performed  a  series  of  ADME  and  pharmacokinetic  studies  to 
characterize  our  lead  compound.  Table  3  summarizes  the  results  of 
these  ADME  experiments.  PK  results  for  VBP1 5  in  rats  indicate  that  it 
had  a  clearance  of  20.2  mL/min/kg.  The  terminal  half-life  was  0.58  h. 
Volume  of  distribution  (Vss)  was  0.77  L/kg,  indicating  that  it  did  not 
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■  HLM  HMRLM  ■  MMLM  BMDLM  HMKLM 


Figure  6.  Metabolic  stability  of  VBP6  and  VBP15  in  liver  microsomes  across 
multiple  species.  VBP15  shows  better  stability  in  rat  and  mouse  microsomes 
compared  to  VBP6.  HLM  =  human  liver  microsomes,  MRLM  =  male  rat  liver  micro¬ 
somes,  MMLM  =  male  mouse  liver  microsomes,  MDLM  =  male  dog  liver  micro¬ 
somes,  MKLM  =  male  monkey  liver  microsomes. 

have  high  tissue  accumulation.  In  the  PO  arm,  Cmax  =  2543  ng/mL 
and  percentage  bioavailability  (F%)  was  47.8%  (Table  4). 

VBP15  in  beagle  dogs  had  medium-high  clearance  of  24.7  mL/ 
min/kg.  The  terminal  half-life  was  5.42  h.  Volume  of  distribution 
was  1.93  L/kg  indicating  that  it  had  certain  tissue  distribution.  In 
the  PO  arm,  Cmax  =  814  ng/mL,  and  bioavailability  (F%)  was  53.2% 
(Table  4). 

3.7.  Metabolite  identification 

Human,  monkey,  dog,  rat  and  mouse  hepatocytes  were  incu¬ 
bated  at  a  final  concentration  of  10  pM  VBP15  for  2  and  4  h.  Four 
metabolites  were  identified  in  the  human  and  monkey  hepato¬ 
cytes,  3  were  identified  in  the  dog  (peak  4  is  the  major  metabolite), 
5  metabolites  were  identified  in  rat  (peak  3  is  the  major  metabo¬ 
lite)  and  2  in  the  mouse  (Table  5). 

3.8.  CYP  induction 

There  was  no  induction  of  CYP1A2  by  VBP15  seen  across  the 
three  donors  therefore  VBP15  is  not  considered  an  inducer  of 


CYP1A2.  VBP15  moderately  induced  CYP3A4  across  the  three  do¬ 
nors  (24-42%).  This  indicates  that  VBP15  is  a  potential  inducer  of 
CYP3A4,  similar  to  other  steroidal  compounds. 

4.  Discussion 

We  have  recently  shown  that  an  existing  A9,l  1  steroidal  com¬ 
pound  (anecortave  acetate)  was  able  to  bind  and  translocate  the 
glucocorticoid  receptor  (GR)  and  inhibit  anti-inflammatory 
pathways  (NF-kB).17  Based  on  these  data  we  synthesized  20 
new  compounds  not  previously  known  to  the  literature,  with 
the  goal  of  carrying  out  a  lead  optimization  program  using  the 
A9,ll  backbone,  in  vitro  screening  assays  included  potent  inhibi¬ 
tion  of  NF-kB,  potent  translocation  of  the  GR  to  the  nucleus,  loss 
of  GRE-mediated  transcriptional  activity,  and  low  cytotoxicity. 
We  found  that  a  Cl  6-methyl  group  was  important  for  NF-kB 
inhibitory  activity,  while  larger  alkyl  groups  (ethyl  and  butyl) 
either  decreased  activity  or  enhanced  cytotoxicity  of  myogenic 
cells.  Other  optimizations  of  chemistry  included  a  Al,4  in  the  A 
ring  (improved  metabolic  stability),  a  A9,ll  in  the  C  ring,  a 
methyl  at  Cl  6,  and  either  hydroxyl  or  hydrogen  at  Cl  7.  VBP15 
was  selected  as  the  lead  compound  based  on  these  findings. 
VBP15  also  showed  desirable  ADME  and  PI<  properties.  Like  many 
steroids,  VBP15  shows  oral  absorption  in  a  target  range  accept¬ 
able  for  oral  delivery.  The  drug  can  be  formulated  for  PI<  and 
other  studies  in  vehicles  that  are  typical  for  related  steroids.  PK 
and  metabolite  work  suggest  that  the  primate  and  mouse  will 
probably  be  the  preferred  species  for  PK. 

Synthetic  glucocorticoids  are  among  the  most  commonly  pre¬ 
scribed  drugs  due  to  their  potent  anti-inflammatory  properties, 
and  remain  standard  of  care  in  many  conditions  such  as  arthritis, 
dermatitis,  asthma,  muscular  dystrophy,  and  auto-immune 
disorders.20"22  However,  glucocorticoids  have  many  off-target 
effects  that  together  contribute  to  a  relatively  broad  side  effect 
profile.  These  include  but  are  not  limited  to  disruption  of  glucose 
metabolism,  immune  suppression,  adrenal  suppression,  thymocyte 
apoptosis,  osteoporosis,  erythroblast  proliferation,  elevation  of 
intraocular  pressure,  cataract,  and  mood  changes.  Many  of  these 
side  effect  profiles  are  associated  with  GRE-mediated  transcrip¬ 
tional  activities  of  steroids  (classic  glucocorticoid  activity).  We 
have  shown  that  VBP15  lacks  GRE-mediated  transcriptional 


Table  3 

ADME  properties  of  VBP15 


In  vitro  properties 

Units 

Value  &  class 

Target  range 

Solubility  (pH,  media) 

(pM) 

187.18  pM 

>60 

Stability— microsomes 

ti/2  (min) 

Human  =  82% 

Rat  =  35.4% 

Mouse  =  88.8% 

Dog  =  92.5% 

Monkey  =  1 00% 

>30 

Stability— plasma  (species) 

%  Remaining  at  1  h 

88.06% 

>80% 

CYP450  Inhibition  (2C9,2D6,3A4) 

%  Inhibition  at  10  mM 

1.9%,  7.9%,  15.3% 

<40% 

IC50  (mM) 

>50  pM  for  all 

>10 

Permeability— Caco-2 

Papp  (a-b,  10-6  cm/s) 

11.2 

>10 

Efflux  ratio 

0.61 

<2 

hERG—  (method) 

IC50  (mM) 

20  pM 

>10 

Free  Cmax— plasma 

Total  Cmax  (mM)  Fu  piaSma 

0.12 

Ames  test 

Positive/negative 

Negative 

Negative 

Micronucleus  test 

Positive/negative 

Negative 

Negative 

Blood  Brain  Barrier  (rats)3 

Ratio  (brain/plasma)  (h) 

0.25  =  0.648 

0.5  =  0.620 

1.0  =  0.614 

2.0  =  0.593 

4.0  =  0.583 

6.0  =  0.581 

8.0  =  0.433 

a  The  brain  concentration  was  not  corrected  for  vascular  content. 
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Table  4 

PK  properties  of  VBP15  across  species 


PK  properties 

Units 

Mouse  10  mpk  IV  50  mpk  PO 

Rat  10  mpk  IV  50  mpk  PO 

Dog  10  mpk  IV  30  mpk  PO 

Target  range 

h/2 

h 

0.354  (IV) 

0.58  (IV) 

5.42  (IV) 

>3 

0.678  (PO) 

2.29  (PO) 

2.25  (PO) 

AUCo-oo,  total>  unbound 

h  ng/mL 

8842  (IV) 

8339  (IV) 

6791  (IV) 

>500  (PO) 

32932  (PO) 

19937  (PO) 

10844  (PO) 

CL 

mL/min/kg 

18.8  (IV) 

20.2  (IV) 

24.7  (IV) 

<25%  HBF 

Gnax,  totab  unbound 

ng/mL  (nM) 

11167  (IV) 

6787 (PO) 

2543  (PO) 

814  (PO) 

Tnax 

h 

0.083  (IV) 

2.0  (PO) 

4.00  (PO) 

6.00  (PO) 

Vss 

L/kg 

0.757  (IV) 

0.770  (IV) 

1.93  (IV) 

F 

% 

74.5 

47.8 

53.2 

>20% 

Table  5 

VBP15  metabolites  identified  across  species 

Peak 

no. 

Rt 

(min) 

Expected 

m/z 

Mass 

shift 

Biotransformation 

Metabolites  in  hepatocytes 

Human  Monkey 

Dog 

Rat 

Mouse 

1 

5.52 

371.2 

16 

Oxidation 

+ 

+ 

+ 

+ 

+ 

2 

6.37 

373.2 

18 

Oxidation  +  hydrogenation 

+ 

+ 

- 

+ 

- 

3 

7.78 

371.2 

16 

Oxidation 

- 

- 

- 

+++ 

- 

4 

9.69 

369.2 

14 

Methylation 

+ 

+ 

+++ 

+ 

+ 

5 

10.42 

355.2 

0 

Parent  drug 

+++ 

+++ 

+ 

+ 

+++ 

6 

12.86 

357.2 

2 

Hydrogenation 

+ 

+ 

+ 

+ 

- 

activity,  although  it  inhibits  NF-kB  and  causes  translocation  of  the 
GR  to  the  nucleus.  We  should  note  that  classic  glucocorticoids  re¬ 
sult  in  nuclear  translocation  as  ligand/GR  dimmers  able  to  bind 
GRE  elements  (transactivation  properties),  as  well  as  ligand/GR 
complexes  with  NF-kB  transcriptional  complexes  that  target  NF- 
kB  promoter  elements  (transrepression  properties).  VBP15  appears 
to  disassociate  these  two  subactivities,  with  GR  translocation  likely 
due  to  NF-kB  transcriptional  complexes.  Thus,  we  expect  that  pre- 
clinical  studies  will  show  superior  side  effect  profiles  of  VBP15 
compared  to  other  steroid-based  anti-inflammatories,  as  we  have 
previously  shown  for  anecortave  acetate.17 

The  extensive  effect  profiles  of  pharmacological  glucocorti¬ 
coids  often  limit  prescription  despite  proven  efficacy, 
particularly  in  children.  For  example,  in  Duchenne  muscular  dys¬ 
trophy,  daily  prednisone  is  considered  standard  of  care  in  some 
countries,  but  the  efficacy  if  offset  by  increased  bone  fragility, 
mood  changes,  weight  gain,  and  muscle  catabolic  pathways.23- 
26  Thus,  there  is  non-adoption  of  this  standard  in  some  coun¬ 
tries,  and  relatively  poor  adherence  even  in  those  countries 
adopting  daily  glucocorticoids.27  The  VBP15  described  here  is 
being  developed  for  Duchenne  muscular  dystrophy  as  the  initial 
indication,  in  collaboration  with  the  Muscular  Dystrophy  Associ¬ 
ation  Venture  Philanthropy,  and  National  Institutes  of  Health 
Therapeutics  for  Rare  and  Neglected  Disease  program.  It  is  our 
hope  that  VBP15  not  only  provides  a  superior  side  effect  profile 
relative  to  prednisone,  but  will  also  improve  efficacy  by  opening 
the  therapeutic  window  (allowing  increased  dosing  relative  to 
prednisone). 
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Abstract:  Glucocorticoids  (GCs)  have  been  prescribed  to  treat  a  variety  of  diseases,  including  inflammatory  myopathies 
and  Duchenne  muscular  dystrophy  for  over  50  years.  However,  their  prescription  remains  controversial  due  to  the 
significant  side  effects  associated  with  the  chronic  treatment.  It  is  a  common  belief  that  the  clinical  efficacy  of  GCs  is  due 
to  their  transrepression  of  pro-inflammatory  genes  through  inhibition  of  inflammatory  transcription  factors  (i.e.  NF-kB, 
AP-1)  whereas  the  adverse  side  effects  are  attributed  to  the  glucocorticoid  receptor  (GR)  -mediated  transcription  of  target 
genes  (transactivation).  The  past  decade  has  seen  an  increased  interest  in  the  development  of  GR  modulators  that  maintain 
the  effective  anti-inflammatory  properties  but  lack  the  GR-dependent  transcriptional  response  as  a  safe  alternative  to 
traditional  GCs.  Many  of  these  analogues  or  “dissociative”  compounds  show  potential  promise  in  in  vitro  studies  but  fail 
to  reach  human  clinical  trials.  In  this  review,  we  discuss  molecular  effects  of  currently  prescribed  GCs  on  skeletal  muscle 
and  also  discuss  the  current  state  of  development  of  GC  analogues  as  alternative  therapeutics  for  inflammatory  muscle 
diseases. 

Keywords:  Glucocorticoids,  inflammatory  muscle  diseases,  muscular  dystrophy,  myositis. 


INTRODUCTION 

Glucocorticoids  (GCs)  are  the  first  line  of  drugs  in  the 
clinical  management  of  idiopathic  inflammatory  muscle 
diseases  [Polymyositis  (PM)  and  Dermatomyositis  (DM)] 
and  genetic  muscle  diseases  such  as  Duchenne  Muscular 
Dystrophy  (DMD).  Generally,  GCs  are  believed  to  be 
effective  in  these  diseases  because  of  their  anti-inflammatory 
and  immunosuppressive  properties.  Even  though  the 
inflammatory  component  is  common,  these  idiopathic 
inflammatory  and  DMD  muscle  diseases  differ  significantly 
in  their  histological  and  clinical  features  which  are 
summarized  below.  In  addition,  features  of  some  major 
muscle  diseases  with  inflammatory  component  are  described 
in  Table  1. 

Duchenne  Muscular  Dystrophy 

DMD  is  an  X-linked  myopathy  caused  by  a  mutation  in 
the  dystrophin  gene  and  is  characterized  by  general 
weakness  and  muscle  wasting.  Initial  onset  of  disease  is  in 
pelvic  girdle  and  further  progresses  towards  the  distal  and 
respiratory  muscles.  The  lack  of  dystrophin  in  the 
sarcolemma  leads  to  skeletal  muscle  fiber  necrosis  and 
initiates  the  regeneration,  degeneration  phases  in  the  affected 
muscle.  However,  the  progression  of  the  disease  makes  the 
normal  regenerative  capacity  of  muscle  insufficient  to 
replace  necrotic  muscle  fibers  leading  to  subsequent  fibrosis 
and  severely  impaired  muscle  function  [1].  Currently,  the 
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underlying  pathogenic  mechanisms  of  severe  muscle  damage 
in  dystrophinopathies  are  not  completely  understood. 
However,  it  is  generally  thought  that  membrane  defects  due 
to  lack  of  dystrophin  and  further  mechanical  injury  due  to 
general  activity  initiate  chronic  inflammatory  pathways  and 
promote  dystrophic  pathology  [2,  3].  Inflammation  in 
dystrophic  muscle  is  characterized  by  the  activated  immune 
cell  infiltrates  and  up-regulated  inflammatory  mediators 
( e.g .,  cytokines  and  chemokines)  [4,  5].  Immune  cell 
infiltration  is  throughout  the  perivascular,  perimysial,  and 
endomysial  regions  of  dystrophic  skeletal  muscle  with  the 
infiltrate  predominantly  containing  macrophages,  and  CD4+ 
T-cells,  with  minimal  CD8+  T-cells  and  B-cells  [6,  7].  In 
addition,  mast  cells,  eosinophils,  and  neutrophils  also 
contribute  to  muscle  fiber  wasting  in  dystrophic  pathology 
[8,  9].  The  enhanced  expression  of  MHC  class  I  molecules, 
on  muscle  fibers  invaded  by  inflammatory  cells,  and  on 
necrotic  and  regenerating  fibers  in  dystrophic  muscle 
indicate  that  immune  effector  mechanisms  also  contribute  to 
the  disease  pathology  in  DMD  [10,  11].  Most  of  these 
immune  mechanisms  are  proposed  to  act  via  the  activation 
of  pro-inflammatory  NF-kB  pathway  in  dystrophic  muscle 
[3,  7].  Taken  together,  these  findings  indicate  the  substantial 
role  of  inflammation  and  its  mediators  in  dystrophic 
pathology  and  hence  support  the  use  of  GCs  as  potential 
therapeutic  agents. 

Idiopathic  Inflammatory  Muscle  Diseases  (IIMs) 

Idiopathic  inflammatory  muscle  diseases  are 
characterized  clinically  by  symmetric  proximal  muscle 
weakness  and  histologically  by  mononuclear  cell  infiltration, 
fibrosis,  and  fat  deposition  in  muscle  tissue.  In  general, 
muscle  weakness  in  IIMs  is  thought  to  be  the  result  of  tissue 
damage  caused  by  an  autoimmune  response.  Both  humoral 
(auto-antibodies)  and  cell  mediated  (cytotoxic  T  lymphocytes) 
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Table  1.  Characteristics  of  some  major  muscle  diseases  with  inflammatory  component. 


Disease 

Features 

Duchenne  muscular  dystrophy1 

Mutation  in  dystrophin  gene  leads  to  elevated  levels  of  serum  creatine  kinase  (CK),  muscle  weakness,  respiratory 
insufficiency  and  cardiomyopathy.  Dystrophic  muscles  show  infiltration  of  B  cells,  T  cells  and  macrophages. 

Dysferlinopathies  (LGMD2B 
and  Miyoshi  myopathy) 

Mutation  in  dysferlin  gene  leads  to  progressive  proximal  (LGMD2B)  or  distal  (Miyoshi)  muscle  weakness  with 
elevated  serum  CK  levels.  Histologically  muscles  show  infiltration  of  CD8+,  CD4+  T  cells  and  macrophages. 

Fascioscapulohumeral  muscular 
dystrophy 

Deletion  in  D4Z4  repeats  leads  to  mild  or  moderate  levels  of  serum  CK  levels,  initial  weakness  in  proximal  muscles 
which  progresses  to  distal  muscles  in  later  stages.  Affected  muscles  show  perivascular  mononuclear  cell  infiltration. 

Polymyositis1 

Symmetric  proximal  muscle  weakness  with  elevated  levels  of  serum  muscle  enzymes  and  autoantibodies  (anti-Jol). 
Myopathic  muscle  shows  endomysial  infiltration  of  mononuclear  cells  (CD8+  T  cells,  macrophages  and  B  cells)  and 
expression  of  MHC  class-I  molecules. 

Dermatomyositis 1 

Symmetric  proximal  muscle  weakness  with  skin  involvement  and  elevated  levels  of  serum  muscle  enzymes  and 
autoantibodies  (anti-Mi2).  Muscle  biopsies  show  perivascular  and  epimysial  infiltration  of  mononuclear  cells  (CD4+  T 
cells,  B-cells  and  macrophages). 

Inclusion  body  myositis 

Predominantly  affects  males  over  50  years  of  age;  muscle  weakness  with  elevated  serum  muscle  enzymes.  Affected 
muscle  tissue  shows  MHC  class-I  expression  with  mononuclear  cell  infiltration. 

Glucocorticoids  are  shown  to  be  effective  in  these  diseases. 


immune  responses  are  reported  to  be  involved  in  the 
pathogenesis  and  are  well  characterized.  Myositis  specific 
auto-antibodies  are  found  in  more  than  50%  of  myositis 
patients  [12].  For  example,  anti-synthetase  autoantibodies 
[anti-histidyl  tRNA  synthetase  (Jo-1)]  are  common  in  PM 
patients  and  anti-helicase  antibodies  (Mi-2a  &  P)  are 
strongly  associated  with  DM  patients.  However,  the  precise 
role  of  these  auto  antibodies  in  the  pathogenesis  of  myositis 
is  not  well  known.  At  the  cellular  level,  PM  patients  show 
endomysial  distribution  of  inflammatory  cell  infiltrates  with 
predominantly  CD8+  T  cells  and  macrophages.  In  contrast, 
DM  patients  predominantly  show  perivascular  distribution  of 
inflammatory  cells  which  largely  include  CD4+  T  cells, 
macrophages,  and  dendritic  cells.  Occasionally,  DM  patients 
also  display  involvement  of  skin  and  vasculature  where  B 
cells  and  complement  cascade  activation  are  thought  to  be 
responsible  for  the  pathology  [12].  Another  striking  feature 
of  IIM  is  the  early  widespread  appearance  of  MHC  class-I 
molecules  in  the  myopathic  muscle  whereas  normal  muscle 
does  not  constitutively  express  them.  Evidence  suggests  that 
MHC  class-I  molecules  may  mediate  muscle  fiber  damage 
and  dysfunction  in  myositis  [13].  Over  expression  of  MHC 
class-I  molecules  might  cause  their  retention  in  the 
endoplasmic  reticulum  (ER)  of  skeletal  muscle  fibers  and 
induce  NF-kB  mediated  ER  stress  pathways,  possibly 
contributing  to  muscle  fiber  damage  in  IIMs  [14,  15].  Thus, 
immune  mechanisms  via  pro-inflammatory  NF-kB  pathway 
are  thought  to  play  a  potential  role  in  the  underlying 
myopathic  pathology. 

GLUCOCORTICOIDS  IN  INFLAMMATORY  MUSCLE 
DISEASES 

Even  though  it  is  not  fully  understood  how  GCs  exert 
beneficial  effects  on  the  diseased  muscle,  they  are  being  used 
to  treat  inflammatory  muscle  diseases  because  of  their  strong 
anti-inflammatory  and  immunosuppressive  properties. 


Synthetic  GCs  (i.e.  prednisone)  are  the  standard-of-care 
for  DMD  as  it  has  been  shown  to  improve  muscle  strength 
and  delay  the  disease  progression  of  disease  in  boys 

[16] .  Myositis  patients  are  also  often  treated  with  high- 
dose  synthetic  GCs  for  4  to  12  weeks  and  sometimes 
in  combination  with  other  cytotoxic  drugs  (methotrexate) 

[17] . 

The  most  well-characterized  mechanism  of  action  for 
GCs  is  the  genomic  response  whereby  GCs  bind  to  the 
soluble  glucocorticoid  receptor  (GR)  with  subsequent 
translocation  of  the  ligand/receptor  complex  into  the  nucleus, 
followed  by  binding  to  glucocorticoid  response  elements 
(GREs)  in  the  promoter  regions  of  target  genes  (i.e.  genes 
involved  in  gluconeogenesis  and  inflammation),  altering 
transcription  (transactivation).  In  addition,  the  ligand/ 
receptor  complex  can  also  bind  to  transcription  factors  and 
either  compete  with  or  prevent  their  association  with  DNA 
thereby  inhibiting  the  transcription  of  their  target  genes  ( e.g ., 
activator  protein  1  (AP-1)  and  NF-kB)  (transrepression).  It  is 
widely  believed  that  many  of  the  desirable  effects  of  GCs  on 
skeletal  muscle  are  due  to  transrepression  (i.e.  suppression 
of  pro-inflammatory  mediators)  whereas  the  adverse 
effects  (i.e.  hyperglycemia,  weight  gain)  are  mediated  by 
transactivation  [18]. 

Glucocorticoids  also  exhibit  non-genomic  actions  that 
occur  too  rapidly  to  be  attributed  to  a  genomic  response. 
These  actions  include  intercalation  into  the  cellular 
membranes,  modulation  of  the  function  of  membrane 
associated  proteins,  alteration  of  the  membrane  permeability, 
and  calcium  signaling  [19].  Glucocorticoids  also  affect 
oxidative  phosphorylation,  ATP  production  and  protein- 
protein  signaling  processes  (i.e.  MAPK  pathway)  [20,  21]. 
Despite  the  beneficial  effects,  GCs  exhibit  significant 
adverse  side  effects  upon  long-term  use.  In  this  review,  we 
summarize  the  current  knowledge  of  the  most  important  GC- 
mediated  beneficial  and  adverse  effects  on  diseased  skeletal 


77 


Glucocorticoids  and  Its  Analogues  in  Inflammatory 


Endocrine ,  Metabolic  &  Immune  Disorders  -  Drug  Targets ,  2012,  Vol.  12,  No.  1  97 


muscle  from  a  molecular  perspective  and  discuss  the 
development  of  alternative  therapeutics  for  the  treatment  of 
inflammatory  muscle  diseases. 

Beneficial  Effects  of  Glucocorticoids  in  DMD  and  IIMs 

The  beneficial  effects  of  GCs  in  patients  with  DMD  have 
been  known  for  over  20  years  [22].  Despite  the  fact  that  GCs 
have  been  shown  to  be  catabolic  in  normal  muscle,  DMD 
patients  show  improved  muscle  strength  and  delayed 
progression  of  disease  upon  GC  treatment  [23].  To  better 
understand  the  molecular  effects  of  GCs  on  dystrophic 
muscle,  studies  often  utilize  the  dystrophin  deficient  mouse 
model  (; mdx ).  In  this  animal  model,  it  was  shown  that  8 
weeks  of  prednisolone  treatment  increased  specific  force  of 
the  EDL  muscle  and  that  this  increase  in  force  is  attributed  to 
the  decrease  in  muscle  mass  and  muscle  fiber  cross  sectional 
area.  Prednisolone  treatment  decreased  the  centrally 
nucleated  fibers  in  the  dystrophic  muscle  and  suggested  this 
feature  as  an  improvement  in  the  histological  phenotype  [24]. 
In  contrast  to  its  effect  on  dystrophic  muscle,  prednisolone 
treatment  did  not  increase  force  or  reduce  the  force  deficit  in 
acutely  injured  normal  muscle,  indicating  that  the  action  of 
prednisolone  on  dystrophic  muscle  is  different  in  comparison 
to  acutely  injured  normal  muscle  [24].  One  explanation  for 
this  conundrum  might  be  that  an  acute  injury  and  the 
subsequent  recovery  processes  of  muscle  are  systematically 
regulated  events  whereas  the  dystrophic  muscle  is 
undergoing  cycles  of  necrosis  and  degeneration  due  to  the 
continuous  mechanical  damage  of  the  susceptible 
(dystrophin  deficient)  muscle  membrane.  Similar  to  DMD 
patients,  the  treatment  of  PM  and  DM  patients  with  GCs  also 
resulted  in  the  amelioration  of  muscle  disease;  however, 
complete  recovery  is  rarely  seen.  Existing  literature  links  the 
beneficial  effects  of  GCs  to  their  immunosuppressive  and 
potent  NF-kB  inhibitory  actions  [15].  However,  more 
targeted  mechanistic  studies  explaining  the  molecular  effect 
of  GCs  on  myopathic  muscle  are  needed. 

Adverse  Effects  of  Glucocorticoids 

Chronic  administration  of  GCs  result  in  adverse  effects 
whose  underlying  molecular  mechanisms  are  complex  and 
poorly  understood.  Glucocorticoids  induce  skeletal  muscle 
atrophy  by  reducing  protein  synthesis  and  by  enhancing 
protein  degradation.  Glucocorticoids  inhibit  p70  ribosomal 
S6  protein  kinase  and  in  turn  reduce  protein  synthesis. 
Furthermore,  GCs  induce  muscle  proteolysis  via  the  activation 
of  two  major  cellular  proteolytic  systems:  ubiquitin  proteasome 
and  lysosomal  systems  [25].  Administration  of  GCs  reduces 
the  production  of  insulin-like  growth  factor  I  (IGF-I),  a 
muscle  anabolic  growth  factor,  by  the  skeletal  muscle  which 
might  in  turn  contribute  to  GC-induced  muscle  atrophy. 
Evidence  indicates  that  GCs  enhance  the  production  of 
myostatin,  a  catabolic  growth  factor,  which  may  also  play  a 
critical  role  in  GC-induced  muscle  atrophy  [26].  REDD1  and 
KEF  15  were  reported  as  direct  target  genes  of  the  GR  in 
skeletal  muscle  and  have  been  reported  that  a  mutually 
exclusive  crosstalk  between  GR  and  mTOR,  might  be 
responsible  for  fine-tuning  of  muscle  volume  and  further 
muscle  wasting  [27].  Recently,  our  group  also  showed  that 
chronic  administration  of  GCs  activate  fibrotic  genes  (i.e. 


genes  interacting  with  collagen  deposition,  abnormal 
inflammatory  response)  in  the  dystrophic  skeletal  muscle 
[28].  Glucocorticoids  are  also  known  to  induce  other 
potential  side  effects  in  essential  organ  systems  such  as  the 
cardiovascular  and  central  nervous  systems  upon  chronic 
administration.  These  adverse  effects  include  osteoporosis, 
glucocorticoid  induced  diabetes,  glaucoma  etc  and  are 
thoroughly  reviewed  elsewhere  [29].  Further,  the  gene 
expression  profiles  of  prednisolone  treated  mdx  mice  muscle 
showed  changes  in  energy  metabolism  and  proteolysis,  in 
addition  to  changes  in  MAPK  and  VEGF  signaling, 
suggesting  that  prednisolone  has  multiple  effects  on  several 
pathways.  Therefore,  it  remains  to  be  seen  whether  these 
pathways  contribute  to  the  beneficial  or  adverse  effects  in 
dystrophin  deficient  skeletal  muscle. 

THE  USE  OF  MORE  TARGETED  ANTI¬ 
INFLAMMATORIES  IN  INFLAMMATORY  MUSCLE 
DISORDERS 

Despite  the  effectiveness,  chronic  administration  of  GCs 
in  inflammatory  muscle  diseases  is  restricted  due  to  adverse 
side  effects.  Therefore,  several  other  alternative  immuno¬ 
suppressive  agents  have  been  tried  in  these  diseases  to 
ameliorate  chronic  inflammation  and  to  facilitate  GC 
tapering,  but  there  is  no  agreement  as  to  the  best  regimen  of 
immunosuppressive  drugs  to  use  in  myopathic  patients.  The 
choice  of  agent  typically  depends  on  factors  such  as  disease 
severity  and  the  relative  efficacy/safety  profile  of  the  drug. 
Some  of  the  anti-inflammatory  drugs  tested  for  efficacy  in 
IIMs  and  DMD  are  listed  in  Table  2.  Mixed  results  were 
reported  regarding  the  usefulness  of  these  agents  as  potential 
treatment  regimens  for  inflammatory  muscle  diseases. 
Nevertheless,  these  drugs  were  also  reported  to  have 
significant  side  effects  such  as  bone  marrow  suppression  and 
hepatic  toxicity  [30]. 

DISSOCIATIVE  NONSTEROIDAL  COMPOUNDS 

As  previously  mentioned,  it  is  widely  accepted  that  the 
positive  anti-inflammatory  effects  of  GCs  are  mediated  by 
their  transrepression  properties  whereas  the  adverse  side 
effects  are  mediated  via  transactivation.  Significant  side 
effect  profile  of  these  compounds  lead  to  the  development  of 
several  new  compounds  that  have  dissociated  transrepressive 
properties  of  traditional  steroids  from  the  transactivational 
properties.  The  majority  of  the  research  into  ‘dissociative’ 
compounds  has  been  performed  in  models  for  indications 
other  than  muscle  diseases  but  still  provide  valuable  insight 
into  how  well  these  compounds  are  at  reducing  or 
eliminating  systemic  side  effects. 

AL-438 

In  2003,  collaboration  between  Abbott  Laboratories  and 
Ligand  Pharmaceuticals  resulted  in  the  development  of  a 
series  of  novel  quinolone-based  nonsteroidal  GC  agonists 
[31,  32].  AL-438  was  created  by  modifying  the  progestin 
scaffold,  and  was  found  to  bind  selectively  to  the  GR  with 
high  affinity  compared  to  other  nuclear  receptors  [31].  In 
vitro  experiments  showed  AL-438  effectively  transrepressed 
the  production  of  TNF-a  and  IL-1(3-  induced  IL-6  and  E- 
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Table  2.  Targeted  anti-inflammatory  drugs  used  in  genetic  and  autoimmune  muscle  diseases. 


Drug 

Mechanism  of  Action 

Therapeutic  Efficacy1 

References 

Methotrexate 

Prevent  chemotaxis  and  the  release  of  pro-inflammatory  mediators 

DM  &  Adult  Inflammatory  myositis 

[68,  69] 

Azathioprine 

Immunosuppression  &  effect  on  neuromuscular  transmission 

DM  &  PM 

Not  effective  in  DMD 

[70,71] 

Cyclosporine 

Inhibits  T  cell  activation  and  subsequent  cytokine  production 

PM  &  Juvenile  DM 

Not  effective  in  DMD 

[70,  72] 

Intravenous 

immunoglobulin 

Immunomodulatory  effects,  reduction  in  cytokines,  MHC  class  I  and 
ICAM-1  expression 

DM 

[30,  73] 

Infliximab 

TNF-  a  inhibition 

DM  &  PM 

[74] 

Rituximab 

Inhibits  B-cells 

Refractory  DM  &  PM 

[75] 

'Therapeutic  efficacy  was  tested  and  reported  to  be  efficacious  in  the  disease  mentioned 
DM:  Dermatomyositis 
PM:  Polymyostis 

DMD:  Duchenne  muscular  dystrophy. 


selectin  levels.  Its  transactivational  properties  where  shown 
to  be  approximately  30%  less  potent  in  activation  of  GRE- 
mediated  transcription  of  aromatase  but  just  as  potent  in 
activation  of  tyrosine  aminotransferase  transcription  (TAT) 
when  benchmarked  against  prednisolone.  In  order  to  assess 
the  effect  of  AL-438  on  bone  reabsorption,  osteocalcin 
inhibition  (a  marker  for  GC-mediated  osteoporosis) 
was  measured.  While  prednisone  significantly  decreased 
osteocalcin  mRNA  levels  in  the  osteoblast  (MG63)  cell  line, 
AL-438  showed  no  change  suggesting  less  effect  on  bone 
reabsorption. 

To  determine  the  effect  of  AL-438’s  dissociative 
properties  in  vivo ,  the  carrageenan-induced  paw  edema  assay 
(CPE)  rat  model  of  acute  inflammation,  and  the  adjuvant- 
induced  arthritis  (AIA)  rat  model  of  chronic  inflammation 
were  used  [31].  In  the  CPE  model,  prednisolone  and  AL-438 
were  similarly  effective  in  inhibiting  paw  edema.  In  the  AIA 
rat  model,  both  compounds  were  equally  effective  in 
inhibiting  paw  edema  though  AL-438  had  a  lower  potency 
compared  to  prednisolone  (ED50s=  9  mg/kg  and  1  mg/kg 
respectively).  Further,  there  was  a  difference  in  the  grooming 
behavior,  activity  and  overall  health  of  AL-438  versus 
prednisolone  treated  rats.  AL-438 -treated  rats  maintained 
similar  levels  of  behavior  and  health  as  normal  non-adjuvant 
injected  rats  whereas  prednisolone-treated  rats  showed  signs 
of  stress  and  disease  suggesting  AL-438’s  superiority  over 
prednisolone. 

Coghlan  et  al  (2003)  investigated  the  possible  side 
effects  of  AL-438  on  glucose  metabolism  and  osteoporosis 
associated  with  GCs.  They  found  that  AL-438  did  not  induce 
GC-mediated  increase  in  blood  glucose  suggesting  that  it 
does  not  cause  hyperglycemia.  They  also  found  that  AL-438 
reduced  the  impact  on  bone  as  determined  by  cancellous 
mineral  apposition  rate  and  periosteal  bone  formation  rate 
supporting  their  in  vitro  data.  Other  studies  have  further 
confirmed  the  reduced  effect  on  bone  where  AL-438  did  not 
share  the  dexamethasone- induced  reduction  of  chondrocyte 
cell  proliferation  and  proteoglycan  synthesis  [31].  These 


findings  suggest  that  the  dissociation  of  AL-438’s  anti¬ 
inflammatory  effects  from  the  bone  growth  side  effects  result 
in  a  compound  with  a  more  desirable  therapeutic  profile  than 
that  of  traditional  GCs  [33]. 

ZK  Compounds 

ZK  216348,  a  nonsteroidal  GR  ligand  created  by  Bayer 
Schering  Pharma,  is  a  pentanoic  acid  4-methyl- 1-oxo-lH- 
2,3-benzoxazinamide  [34].  This  compound  has  been  shown 
to  successfully  dissociate  transrepression  from  trans¬ 
activation  in  vitro.  ZK  216348  inhibited  IL-8  secretion  in 
human  acute  monocytic  leukemia  cells  with  a  two-fold  less 
potency  than  prednisolone  whereas  it  was  60-fold  less  potent 
in  the  induction  of  TAT  in  liver  hepatoma  cells  but  was  as 
effective,  albeit  less  potent,  in  TNF-a  and  IL-12  production 
in  human  peripheral  blood  mononuclear  cells  suggesting  the 
maintenance  of  anti-inflammatory  properties.  Additionally  it 
was  shown  that,  similar  to  AL-438,  ZK  216348  also  did  not 
affect  osteoblasts  in  in  vitro  experiments  suggesting  a 
reduced  effect  on  bone  [35].  This  dissociation  profile  of 
ZK2 16348  was  carried  over  to  in  vivo  experiments  and  was 
found  to  be  effective  in  reducing  ear  inflammation  in  the 
croton  oil-induced  ear  inflammation  model  of  both  rats 
and  mice.  The  effect  was  comparable  to  prednisone  but 
with  a  significantly  reduced  efficacy  in  rats  via  topical 
administration  [34].  ZK  216348  has  a  superior  side  effect 
profile  that  lacked  hyperglycemia,  spleen  involution,  and 
skin  atrophy  (though  to  a  lesser  extent);  however,  ACTH 
suppression  was  similar  for  both  ZK  216348  and 
prednisolone. 

Another  ZK  compound  in  this  series,  ZK  245186 
maintained  a  similar  in  vitro  and  in  vivo  dissociative  profile 
as  ZK  216348  regarding;  GR  binding  specificity,  TAT 
induction,  blood  glucose  level,  and  spleen  involution  [36]. 
Further  in  vitro  characterization  demonstrated  that  ZK 
245186  inhibits  LPS-induced  secretion  of  IL-12p40  and 
phytohemagglutinin  stimulated  INF-y  in  human  peripheral 
blood  mononuclear  cells.  In  vivo  testing  using  the  mouse  and 
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rat  models  of  irritant  contact  dermatitis  and  allergic  contact 
dermatitis  showed  that  this  compound  exerted  potent  anti¬ 
inflammatory  activity.  Pharmacokinetic  analysis  showed  ZK 
245186  to  be  metabolically  unstable  across  multiple  species, 
high  hepatic  clearance,  a  short  half-life  after  intra  venous 
injection,  and  low  bioavailability  after  topical  administration. 
These  findings  suggest  that  ZK  245186  would  be  well  suited 
for  topical  treatment  with  a  therapeutic  index  similar  to  that 
of  traditional  steroids  but  with  an  improved  safety  profile. 
ZK  245186  is  currently  in  Phase  II  clinical  trials  for  Atopic 
Dermatitis. 

LGD-5552 

LGD-5552,  a  C5-benzylidene  developed  by  Ligand 
Pharmaceuticals,  shares  a  similar  scaffold  as  AL-438  [37]. 
Competitive  binding  experiments  showed  that  LGD-5552 
has  a  high  affinity  for  the  GR  with  little  to  no  cross¬ 
reactivity  with  androgen  and  progesterone  receptors  [37,  38]. 
However,  it  did  have  antagonist  activity  with  the 
mineralocorticoid  receptor  as  opposed  to  traditional  GCs. 
These  data  suggest  that  LGD-5552  might  have  effects  on 
urinary  output,  sodium  and  potassium  levels,  and  blood 
pressure  in  vivo.  In  vitro  experiments  indicate  that  LGD- 
5552  retains  the  agonistic  properties,  in  repressing  IL- 
lp/TNF-a  induced  activation  of  E-selectin  and  IL-6 
transcription  similar  to  steroids  [37,  38].  Both  prednisolone 
and  LGD5552  inhibited  Cox2  and  Apo lipoprotein  CIII 
mRNA  levels.  LGD-5552  was  proven  to  be  a  potent  in  vivo 
anti-inflammatory  in  CIA  and  AIA  animal  models  with 
significant  decrease  in  paw  volume  and  arthritis  disease 
score  [37,  38].  Furthermore,  analysis  of  inflammation-related 
genes  showed  that  LGD-5552  differentially  regulated  IL-10 
and  MCP-1  compared  to  prednisolone  [38]. 

LGD-5552  improved  side  effect  profiles  upon 
administration  when  compared  to  prednisolone-treated 
animals.  LGD-5552  did  not  increase  percent  body  fat  as  seen 
with  prednisolone  [37,  38].  Bone  formation  was  significantly 
decreased  with  prednisolone  at  all  doses  tested  whereas  there 
was  no  change  in  LGD-5552-treated  animals  except  at  the 
highest  dose  tested.  In  rats,  LGD-5552  was  less  active  at 
lower  doses  compared  to  prednisolone  in  increasing  arterial 
blood  pressure  and  less  potent  in  reducing  body  weight, 
thymus  weight  and  adrenal  weight. 

Compound  A 

Compound  A  (CpdA)  is  a  stable  analog  of  the  hydroxy 
phenyl  aziridine  precursor  isolated  from  the  Namibian  shrub 
Salsola  tuberculatiformis  Botschantzev  and  is  the  first 
dissociated  compound  described  to  derive  from  a  natural 
source.  It  has  a  high  affinity  to  the  GR  and  upon  binding, 
favors  a  monomeric  GR  conformation  [39,  40].  CpdA- 
induced  GR  nuclear  translocation  but  did  not  activate  the 
GRE-dependent  transcription  of  matrix  metalloproteinase- 1 
(MMP-1),  MMP-3,  TAT,  human  placental  alkaline 
phosphatase,  procollagen  C-endopeptidase  enhancer  2  and 
glucocorticoid-induced  leucine  zipper  (GILZ)  [39-42,  44- 
47].  CpdA  was  able  to  effectively  transrepress  downstream 
TNF-a  induced  and  NF-kB- dependent  targets  including  IL-6, 
E-selectin,  intracellular  adhesion  molecule,  IL-8,  MMP-1 3, 


glucocorticoid-binding  globulin,  pro-opiomelanocortin  and 
gonadotropin-releasing  hormone. 

In  vivo  analysis  of  CpdA  demonstrated  clear  anti¬ 
inflammatory  properties  in  two  inflammatory  animal  models 
(the  zymosan-induced  inflamed  paw  model  and  CIA)  and 
two  neuroinflammation  models  [Experimental  Autoimmune 
Encephalomyelitis  (EAE)  and  Experimental  Autoimmune 
Neuritis  (EAN)].  In  addition  to  the  potent  anti-inflammatory 
properties  of  CpdA  in  the  zymosan- induced  inflamed  paw 
and  CIA  models,  there  was  an  absence  of  hyperglycemia  and 
hyperinsulinemia  [39,  40].  In  EAN,  a  model  for  human  acute 
inflammatory  demyelinating  polyradiculoneuropathies,  anti¬ 
inflammatory  M2  macrophages,  CD4+  T  cells,  and  Th2 
cytokines  were  increased  whereas  Thl  and  Thl7  cytokines 
were  repressed  in  the  lymph  nodes.  CpdA-treated  animals 
also  did  not  exhibit  hyperglycemia  [43].  In  the  EAE  model 
for  multiple  sclerosis,  CpdA  ameliorated  disease  severity  and 
clinical  symptoms.  Analysis  of  spinal  cord  tissue  revealed 
reduced  levels  of  inflammatory  cells,  cytokines  and 
chemokines,  as  well  as  less  NF-kB  binding  to  the  IL-6 
promoter  [41,  44].  Side  effect  profiles  in  these  various 
models  showed  that  CpdA  do  not  cause  hyperglycemia  and 
liver  toxicity;  further,  it  has  no  effect  on  thymus  weight  [41, 
44].  Interestingly,  CpdA  did  not  suppress  the  hypothalamic 
pituitary  adrenal  (HP  A)  axis  thus  providing  another 
advantage  over  traditional  GCs.  However,  in  the  EAE 
model,  there  is  a  narrow  therapeutic  window  for  CpdA  due 
to  its  instability.  High  doses  of  CpdA  led  to  the  formation  of 
toxic  aziridine  levels  resulting  in  apoptosis  and  death  [41]. 
This  may  likely  have  some  adverse  effects  in  human  and 
would  need  to  be  resolved  before  clinical  trials  become  an 
option. 

DISSOCIATIVE  STEROIDAL  COMPOUNDS 
RU  Compounds 

A  series  of  RU-steroidal  compounds  were  discovered  by 
Roussel-Uclaf  that  retained  transrepression  of  AP-1  and  NF- 
kB  but  did  not  or  only  weakly  possessed  transactivation 
properties  in  vitro  [45].  RU-compounds  are  shown  to  be 
weak  stimulators  of  receptor  activator  of  NF-kB  ligand 
(RANKL)  and  osteoprotegerin  (OPN)  in  human  osteoblastic 
cells  and  indicated  that  these  compounds  might  cause  less 
bone  loss  compared  to  traditional  GCs.  One  of  the  RU- 
compounds  (24858)  was  tested  in  an  in  vivo  rat  model  of 
lung  edema  where  it  was  found  be  just  as  potent  as 
budesonide  and  prednisolone  in  terms  of  its  anti¬ 
inflammatory  properties.  However,  RU  24858  also  induced 
side  effects  seen  with  traditional  GCs,  such  as  weight  loss, 
osteopenia  and  thymus  involution  within  seven  days  of 
administration  [46].  The  authors  concluded  that  dissociation 
of  transrepression  and  trans activation  does  not  improve  the 
in  vivo  therapeutic  ratio  of  GCs  and  that  in  vitro  dissociation 
does  not  necessarily  eliminate  the  in  vivo  side  effects.  It  has 
been  suggested  that  the  steroidal  structure  is  metabolized  in 
vivo  in  a  manner  that  causes  it  to  behave  as  a  traditional  GC 
[47,  48].  It  has  also  been  suggested  that  in  vitro  experiments 
looking  at  the  GRE-transcriptional  response  use  simple  GRE 
luciferase  reporting  systems  that  do  not  accurately  assess  the 
response  to  complex  GREs  in  vivo  [49] . 
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Table  3.  Potential  alternative  therapeutic  dissociative  compounds  for  treating  genetic  and  autoimmune  inflammatory  muscle 
diseases. 


Drug 

In  Vitro 1 

In  Vivo2 

Human3 

References 

Dissociative  Non-steroidal  Compounds 

AL-438 

+ 

+ 

NT 

[31-33] 

ZK  compounds 

+ 

+ 

Phase  II  (Atopic  Dermatitis) 

[34-36] 

LGD-5552 

+ 

+ 

NT 

[37,  38] 

Compound  A  (Phenyl  aziridine  precursor) 

+ 

+ 

NT 

[39,  44] 

Dissociative  Steroidal  Compounds 

RU-Compounds 

+ 

+ 

NT 

[45,46] 

Lazaroids 

+ 

+ 

NT 

[50-53] 

indicates  that  these  compounds  are  tested  using  in  vitro  studies 
indicates  that  these  compounds  are  tested  using  in  vivo  animal  models 
indicates  if  these  compounds  entered  human  clinical  trial  stage 
NT:  Not  tested. 


Lazaroids 

Lazaroids  are  21-aminosteroids  created  by  Pharmacia 
and  Upjohn  whose  dissociative  properties  are  accomplished 
through  removal  of  the  C-ll  hydroxy  group  and  replaced 
with  a  delta-9,11  bond.  These  21-aminosteroids  were 
originally  developed  in  1985  for  their  ability  to  inhibit  of 
lipid  peroxidation.  Nearly  400  analogues  have  been 
synthesized  deriving  from  various  steroidal  scaffolds  with 
their  steroid-activity-relationship  being  well-characterized 
[50].  These  compounds  lack  GC  side  effects  including 
thymus  weight,  body  weight,  hyperglycemia,  and  adreno- 
corticotropin  suppression  even  at  high  doses  [51,  52]. 
Most  of  the  chemical  and  research  development  of  these 
compounds  has  focused  on  maximizing  their  antioxidant 
properties  for  treatment  in  ischemia,  traumatic  brain  injury, 
spinal  cord  injury  and  other  indications  where  increased  lipid 
peroxidation  occurs.  Lazaroids,  unlike  classic  steroids  are 
highly  lipophilic  compounds  that  intercalate  into  cellular 
membranes  exerting  their  antioxidant  effects  through 
free  radical  scavenging  and  physiochemical  interaction 
with  cellular  membranes  inducing  membrane  stabilization 
[53]. 

There  is  evidence  of  enhanced  lipid  peroxidation  and 
oxidative  stress  in  both  human  and  mouse  dystrophin- 
deficient  muscle  that  is  believed  to  contribute  to  the 
pathogenic  progression  of  DMD  [54-57].  A  recent  report  has 
shown  that  inhibition  of  lipid  peroxidation  with  IRFI-042,  a 
potent  antioxidant,  inhibited  NF-kB  activity  and  TNF-a 
expression  in  mdx  mice  along  with  improved  strength 
measurements  and  decreased  creatine  kinase,  and  muscle 
necrosis  [58].  These  data  support  multiple  reports  of  a 
variety  of  antioxidants,  including  lazaroids,  to  suppress  the 
immune  response  by  inhibiting  NF-kB  activity  [59-65]. 
Inhibition  of  NF-kB  resulted  in  reduced  TNF-a,  IL-6  and 
iNOS  levels  suggesting  an  overall  suppression  of  the 
immune  response. 

One  of  the  upstream  events  leading  to  increased  lipid 
peroxidation  in  dystrophin-deficient  skeletal  muscle  is  the 


increase  of  cytosolic  calcium  due  to  increased  membrane 
permeability  [66].  Classic  GCs  reduce  intracellular  calcium 
influx  in  C2C12  muscle  cells  [67].  Similarly,  lazaroids  also 
inhibit  calcium  influx  in  muscle  cells  but  with  less  potency 
than  prednisolone.  Both  lazaroids  and  prednisolone  have 
been  shown  to  enhance  myogenesis  of  dystrophin  deficient 
mouse  skeletal  muscle  cells  as  determined  by  increase  in  the 
number  of  myotubes,  acetylcholine  receptors  and  a-actinin 
without  affecting  myotube  size  [59].  It  can  be  hypothesized 
that  dystrophin-deficient  muscle  treated  with  lazaroids  would 
decrease  cytosolic  calcium  and  reduce  lipid  peroxidation  and 
that  these  events  may  facilitate  myogenesis.  These 
compounds  were  optimized  for  their  lipid  peroxidation 
inhibitory  effects  for  post-ischemic/post- traumatic  injuries. 
However,  it  stands  to  reason  that  the  structure-activity- 
relationship  could  be  altered  to  better  the  NF-kB  inhibition 
potency  and  to  improve  its  anti-inflammatory  properties  thus 
tailoring  it  to  inflammatory  muscle  diseases.  The  list  of 
potential  alternative  compounds  tested  in  various  in  vitro  and 
in  vivo  studies  are  given  in  Table  3. 

SUMMARY 

The  therapeutic  effects  of  GCs  in  the  treatment  of 
inflammatory  muscle  diseases  have  been  known  since  the 
1950’s  well  before  their  mechanisms  of  action  had  begun  to 
be  understood.  Prednisone  and  similar  analogues  have 
become  the  standard-of-care  for  genetic  and  autoimmune 
muscle  diseases.  However,  more  targeted  anti-inflammatory 
drugs  fail  to  prove  as  efficacious  suggesting  that  it  is  not 
merely  the  anti-inflammatory  properties  of  GCs  that  are 
responsible  for  their  therapeutic  effects.  With  a  better 
understanding  of  GC’s  pleiotropic  biological  response 
effects,  GR  modulators  are  being  designed  to  dissociate  the 
therapeutic  effects  while  reducing  adverse  effects.  Most  of 
the  development  for  a  safer  steroid  has  been  focused  on 
dissociative  nonsteroidal  compounds,  but  the  dissociative 
steroidal  lazaroids  also  show  promise  as  a  potential  new 
therapy  for  indications  where  GCs  are  standard-of- 
care.  However,  it  has  not  yet  been  determined  how  the 
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improved  in  vivo  therapeutic/side  effect  ratios  in  animals  will 
translate  into  humans  and  what  effect  long  term  interference 
with  the  transactivation  properties  of  GCs  have  on  the 
safety  profile. 
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